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Cell Mechanics Regulate Mesenchymal Stem Cell Morphology and T Cell Activation 
Luís Carlos Santos 
 
The work of my thesis is the cumulative result of 6 years of research in Prof. Michael P. Sheetz 
laboratory at the Biological Sciences Department of Columbia University, within the 
collaborative framework of the Nanotechnology Center for Mechanobiology, an interdisciplinary 
and multi-institutional center for the study of cell mechanics, involving, among other institutions, 
the Applied Physics department at Columbia University, and the Schools of Medicine of 
University of Pennsylvania, New York University, and Mt Sinai. 
In Chapter 1, I provide an overview of the field of mechanobiology, with an emphasis on the 
implications of cell-extracellular matrix and cell-cell attachment on cell function. In Chapter 2, I 
present the aims of the thesis, with a focus on the two cell systems used in the projects described: 
human mesenchymal stem cells, and T cells. Then, Chapters 3-5 represent the main body of my 
thesis, where I present detailed descriptions of the projects that I worked on and that successfully 
made it into scientific publications or that are in preparation for publication. In Chapter 3, I 
analyze how matrix chemistry and substrate rigidity affect human mesenchymal stem cell 
morphology in the context of lineage differentiation, and speculate on potential mechanisms that 
cells use to sense local rigidity. In Chapter 4, I present a new substrate design that facilitates live 
visualization of the interface formed between a T cell and an antigen presenting cell, i.e. the 
immunological synapse, and discuss the impact of intercellular forces on T cell activation. In 
Chapter 5, I explore the molecular mechanism of Cas-L mechanical activation at the 
immunological synapse of T cells, and demonstrate how Cas-L regulates T cell activation in the 
context of an immune response. Finally, in Chapter 6, I lay down the main conclusions of the 
thesis, and discuss ongoing projects that directly follow up on the results of this thesis. 
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1.1 Cell mechanics in a nutshell 
The shape of a cell and of the organism it embodies is defined by cycles of mechanosensing, 
mechanotransduction, and mechanoresponse. Mechanotransduction is based on the ability of 
specialized cellular molecules to change their chemical state when they are mechanically 
distorted, converting mechanical energy into biochemical energy. How do cells sense a 
mechanical stimulus and convert it into biochemical signals that can switch cell functions? This 
is the central question of the study of cell mechanics. The importance of this question extends 
from normal development and tissue regeneration where new cells integrate into tissue, to 
autoimmune diseases or cancer metastases, where cell-related pathologies arise from mechanical 
under- or over-stimulation. Part of the complexity of this question lies on characterizing the 
effects that mechanical stimuli produce when external forces are applied to cells. One way to 
approach this problem is to view a cell as a bioreactor that takes up a series of input information 
and material, and then performs a specific reaction that produces a cellular response. On the 
other hand, a cell also re-shapes its own microenvironment and rearranges the architecture of its 
extracellular matrix by using its own contractile machinery to generate force on its underlying 
substrate. Thus, there is a constant mechanical feedback between a cell sensing its physical 
environment and responding to it, raising many exciting technical and conceptual challenges to 
the study of cell mechanics. 
 
1.2 The microenvironment 
For more than a century it has been known that cells respond not only to the chemical 
composition of their extracellular matrix, but also to texture, topography, geometry, and 
compliance of their surrounding environment. In 1911, Ross G. Harrison reported (1) that cells 
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“require some form of solid support in order to carry out the growth process”. Later on , 
groundbreaking studies revealed that cells that undergo transformation acquire the ability to 
grow in suspension without a solid support (2-4). This “anchorage‐independent” property of 
cancer cells is still used today to define malignancy.  
Rigidity and matrix pattern affect cell shape and direct cell adhesion and migration  through 
complex multi-step processes that include (i) local mechanical sensing (5, 6), (ii) mechano-
chemical signal transduction (7), and (iii) global cell response (8). These mechanical processes 
play a critical role in the development of multicellular organisms, embryogenesis, tissue 
regeneration, and wound healing. Thus, how cells sense and respond to the mechanical features 
of their environments is crucial to understand all biological processes. 
 
1.2.1 Matrix rigidity sensing  
There is a continual feedback between cell sensing of force, rigidity, or geometry of its matrix, 
and the cell’s own contractility that, together with biochemical signals, regulates cell 
morphology, tissue shape, and ultimately, the shape of the organism (6, 9, 10). That’s right! The 
shape of organisms is ultimately defined by the mechanical properties of cells approximately 30 
microns in diameter. Force exerted by the cell on extracellular matrix proteins provides a means 
to assess the physical state of the matrix, allowing the cell to detect and respond to its mechanical 
environment (6, 11, 12). Force can be generated at the cell-matrix or cell-cell interface through 
(i) binding of ligands to extracellular domain of transmembrane receptors, (ii) binding of 
receptor intracellular tails to actin polymerization at the cell edge, and (iii) coupling of actin-
myosin contractions to adhesion complexes. However it is not clear how these forces are used to 
transmit the rigidity information into the cell, and how they induce such a wide range of rigidity 
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response time between sub-seconds (in cell migration), hours (in immune responses), and days 
(in cell lineage commitment). Further, interfering with the formation of early integrin adhesions, 
or with myosin contractility, or with actin polymerization, results in the inability of cells to sense 
substrate rigidity. However, how these events occur during the rigidity sensing process inside 
living tissues is unclear. Thus, rigidity sensing is emerging as a major determinant of many 
cellular aspects by modifying cell adhesion, actin flow, and gene expression patterns.  
 
1.2.2 The extracellular matrix 
The extracellular matrix is much more than a static mechanical support for tissues. It provides 
the physicochemical microenvironment of a cell and it is responsible for providing signals 
essential for the life of a cell. Extracellular matrix macromolecules can be classified into two 
major types: glycosaminoglycans and fibrous proteins (75). Glycosaminoglycans are 
polysaccharide chains that are usually linked to a protein to form a proteoglycan, and thus create 
a hydrated gel-like extracellular matrix, which is highly resistant to compressive forces, and 
allows diffusion of soluble nutrients and metabolites (13). On the other hand, fibrous proteins 
such as collagen, fibronectin, and laminin provide structural organization and resistance to 
stretch within tissues (14). Moreover, the proteins that make up those fibers contain adhesion 
sites. i.e. specific binding motifs for cell surface receptors, such as integrins, which guide cell 
migration during development and cell metastasis. However, cells need to discriminate 
extracellular matrix fibers from the same matrix proteins that are present in a soluble form or 
individually attached to a neighboring cell.  
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1.3 A physical linkage between the extracellular matrix and the cytoskeleton 
In a living tissue, the connection between a cell and its extracellular matrix or neighboring cells 
is mediated by transmembrane receptors, such as integrins (in adherent cells such as 
mesenchymal stem cells) and T cell receptor complexes (in T cells), which bind extracellular 
ligands at their extracellular end, and the actin cytoskeleton via cytoplasmic adaptors at their 
intracellular end (15). The receptor moiety on the extracellular side is designed to bind a specific 
ligand of family of ligands, and when ligand binding occurs, it induces a long-range 
conformation change on the receptor’s molecular structure all the way across the membrane 
down to the receptor’s intracellular tail. In turn, this conformation change triggers a switch in the 
activation state of proteins immediately downstream of that receptor signaling pathway (10). 
That leads to major rearrangements of the cytoskeleton (16), which gives a cell its particular 
shape, movement, and behavior in the context of its microenvironment. 
 
1.3.1 Integrin adhesions 
Integrins are the major receptors for extracellular matrix proteins in animal cells (17). Integrins 
are heterodimers formed by α and β subunits generally containing an extracellular domain for 
ligand binding, a single transmembrane region, and a short cytoplasmic tail. Different 
combinations of various α and β subunits determines ligand specificity and assigns each integrin 
molecule its non-redundant function. In vitro studies demonstrate that ligand-binding induce 
integrins to switch conformation from a low- to a high-affinity state. After extracellular matrix 
ligand binding, integrin clustering is activated, which leads to the recruitment of multiple 
integrin tail-associated proteins, which in turn trigger actin polymerization, thus connecting 
integrins with the actin cytoskeleton, and establishing a matrix-integrin-cytoskeleton linkage 
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(18). Subsequently, myosin contraction on actin filaments exerts pulling force on the integrin 
clusters, and if the clusters resist the pulling, then the adhesion is reinforced by force-induced 
recruitment of additional adhesion proteins, such as talin, kindlin, vinculin, α-actinin, and focal 
adhesion kinase (11). One requirement for the formation of integrin adhesions is that the integrin 
ligands must be multimeric and spaced at a distance of less than 60 nm. Similarly, force‐
dependent measurements have shown that multiple ligands clustered within 40 – 60 nm, can 
withstand force over six‐fold more efficiently than monomers (74). 
 
1.3.2 Adhesion in T cells: LFA-1 and TCR signaling 
In T cells, the integrin-family lymphocyte function antigen LFA-1 is an alpha-L/beta-2 integrin 
that is critical for T cell adhesion and immunological synapse formation (19). LFA-1 and the T 
cell antigen receptor (TCR) have been reported to participate in mechanotransduction processes 
at the immunological synapse of T cells (20). TCR stimulation leads to inside-out activation of 
LFA-1 (19, 21), which undergoes a conformational change into a higher affinity state to bind its 
ligand ICAM-1 (intercellular adhesion molecule adhesion molecule)(22, 23) present on the 
surface of antigen presenting cells, and thus physically holding both cells together . The strength 
of the LFA-1/ICAM-1 interaction is regulated by a mechanical feedback loop (24, 25), but the 
mechanical link between TCR and LFA-1 remains unknown. TCR and integrin adhesion 
molecules organize actin polymerization (26-28) that drives transport of distinct TCR and 
integrin microclusters toward the center of the synapse (29-31), co-localizing with cytoskeletal 
adaptors, such as talin, and the scaffold protein Cas-L (32, 33). These integrin adhesions may 
also be activated by blood flow shear flow (34), or by motile forces induced by cytoskeleton 
rearrangements (28, 35). Formation of the immunological synapse requires f-actin (28, 35), 
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myosin IIA (32, 33, 36), microtubules and dynein (37), and the endosomal sorting complexes 
required for transport (38). There is growing evidence supporting a physical link between TCR 
microclusters and the actin cytoskeleton (28, 39-41), but this most fundamental connection is the 
most poorly understood.  
 
1.4 The mechanical components of a cell 
Mechanical regulation of the life of a cell requires robust control of each task a cell performs. 
Just like different parts of a machine perform distinct tasks, different cellular functions take place 
in specialized units inside the cell. For this reason, the interior of a cell is highly 
compartmentalized. The cell cytoplasm is composed of water and up to 40% of proteins (average 
concentration of any protein inside an eukaryotic cell ~100nM, assuming 50kDa average 
molecular weight, and average cell volume of 2700 μm3). At this density proteins cannot freely 
diffuse as in a dilute aqueous solution, in other words, a cell is not a living bag of water. Rather, 
proteins are in a highly confined environment, a phenomenon which has been termed molecular 
crowding (42). Thus, the cytoplasm is a complex fluid where processes taking place on a sub-
cellular level can span a wide range of time scales, which accounts in part for the kinetics of 
many mechanically-regulated cell processes. 
Now I introduce some of the molecular players responsible for the mechanical regulation of a 
living cell. 
 
1.4.1 The cytoskeleton 
The cytoskeleton is a dynamic net of protein cables that stretches throughout the cytoplasm to 
give a cell its shape and coherence within its environment. Just like in a circus tent, cables are 
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stretched over stakes and posts fitted onto the floor, withstanding high tensions and load in order 
to keep the tent in place. Similarly, in cells, those cables (called filaments) are made of protein 
polymers that constantly reorganize themselves by polymerization and de-polymerization cycles 
to allow the cell to adapt to its environment. Thus, the cytoskeleton plays a vital role in defining 
cell shape and intracellular compartmentalization, in driving cell division, adhesion, and 
migration, and in regulating transport of cargo between different parts of the cell. 
There are three major protein filaments of interacting cytoskeletal networks: (i) actin filaments, 
(ii) microtubules, and (iii) intermediate filaments.  
 
Actin filaments 
Actin filaments (f-actin) are linear polymers of 
the actin monomer G-actin (globular-actin), the 
most abundant protein in most eukaryotic cells 
(about 5-10% of the total protein content (75). 
With a diameter of ~8 nm, actin filaments have 
a polar configuration: they have a pointed end 
with low polymerization rates, and they have a 
barbed end with branches and higher 
polymerization rates. 
In adherent cells, such as fibroblasts and mesenchymal stem cells, membrane protrusions at the 
leading edge such as filopodia are rich in tight parallel actin filaments, while regions deeper into 
the cell body (or cell cortex) are more abundant in thick (~0.1 μm)(75) contractile bundles of 
actin stress fibers that provide stability to the spreading cell. In adherent cells such as 
Fig 1.1: Actin filaments in human mesenchymal 
stem cells (rhodamine phalloidin staining). L.C.S. 
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mesenchymal stem cells, actin filament assembly takes place at the cell membrane leading edge 
in a region designated lamellipodium, and net disassembly behind the cell leading edge. Cycles 
of actin polymerization/de-polymerization at the lamellipodium give rise to periodical waves of 
membrane protrusion/retraction (43). The cell uses these lamellipodial oscillations to probe the 
extracellular matrix chemical and physical properties by sensing the composition, topology, and 
rigidity of its underlying substrate (6). Periodical lamellipodial contractions at the cell leading 
edge require activity of myosin, a molecular motor which generates contractile forces by 
interacting with actin filaments to thrust cell spreading and migration (43, 44). Interestingly, 
many of the proteins recruited to the cell edge where actin-myosin contractions occur are also 
present in sarcomeres and are critical for sarcomere assembly, and recent work from our lab 
suggests that actin-myosin contractile units are used ubiquitously by cells to generate forces and 
to regulate rigidity sensing (Wolfenson et al, submitted for peer review). 
In T cells, the actin cytoskeleton is an essential component for T cell development and function . 
During stochastic repertory scanning, T cell migration relies on actin polymerization to drive fast 
cell trafficking in peripheral lymphoid organs and allow innumerous short-lived interactions with 
antigen presenting cells (45). Major actin cytoskeleton changes take place during tissue 
infiltration, where T cells undergo large scale morphological changes to reach their target cells 
while carrying out an immune response (46, 47). The f-actin network is highly dynamic and 
while it provides structural integrity to the cell, it also plays a crucial role in stabilizing and 
sustaining TCR signaling during immunological synapse formation (48). First, actin filaments 
organize into a symmetric ring at the periphery of the immunological synapse, establishing a 
total neutral cytoskeletal net force, thus providing stability to the synaptic interaction. When the 
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force symmetry of that actin ring is broken, actin polymerization thrusts the cell in the direction 
the resulting net force, thus leading to synapse relocation and directed T cell migration (45, 49).  
The integrity of the actin cytoskeleton is vital to cells. Disruption of actin polymerization with 
actin-chelating drugs (such as cytochalasin or latrunculin) leads to cell detachment from its 
substrate (or from its antigen presenting cell partner), anergy (i.e. non-functional state), 
quiescence or cell cycle arrest, or even apoptosis (50). Moreover, actin filaments have many 
binding sites for other proteins involved in various processes such as attachment to the 
extracellular matrix, intracellular cargo transport, and scaffolding for many signaling molecules, 
allowing extensive crosstalk with other cytoskeletal components (27). 
In this thesis I focus on the role of the actin cytoskeleton in (i) sensing local rigidity, (ii) defining 
stem cell morphology, (iii) directing cell migration, (iv) promoting the clustering of T cell 
receptor complexes, and (v) regulating the activation status of scaffold protein Cas-L. 
 
Microtubules 
Microtubules are linear polymers of tubulin dimers 
that form filamentous fibers with a distinct 
configuration of hollow cylinders of ~25 nm in 
diameter (75). Like actin filaments, microtubules 
are also polar filaments, having a plus end with 
higher polymerization rates, and a minus end with 
lower polymerization rates. Microtubule 
polymerization is triggered by incorporation of γ-
tubulin monomers into a microtubule nucleating Fig 1.2: Microtubules radiate from centrosomes 
(brighter spots)  in human epithelial cells. 
Immunostaining of β-tubulin. L.C.S. 
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center called the centrosome, or at the trans-Golgi complex membrane (75). Microtubule fibers 
provide an intracellular network for mitosis and trafficking of proteins, vesicles, organelles, 
processes that involve the assistance of molecular motors such as kynesin (51) and dynein (51). 
However, in contrast to the highly branched f-actin network, single microtubules are particularly 
unstable filaments. Cycles of very short alternating bursts of polymerization and de-
polymerization of microtubules at the leading edge of the cell push the cell membrane in the 
direction of migration. However, during migration, a cell needs to polarize and coordinate forces 
in order to orient itself in the direction of its substrate’s chemical and physical cues. Thus, 
microtubule stabilization at the leading edge is critical to sustain cell polarity. One way cells 
regulate microtubule stabilization during migration is through a highly dynamic crosstalk 
between microtubules and actin filaments at the leading edge (52). Molecular scaffolds such as 
spectraplakins (53), which have multiple binding domains specific for actin filaments and 
microtubules, are recruited to the cell leading edge and locally crosslink both networks, thus 
coupling microtubule stabilization (required for sustaining polarity) to actin polymerization. 
In T cells, noteworthy is the particular configuration of the microtubule cytoskeleton of 
immunological synapses, which is perpendicular to the plane of cell contact, and thus dictates 
asymmetrical T cell division (54). In contrast, most microtubules and actin filaments in a kinapse 
are co-polarized along the cell-cell junction, which thus links immunological synapse stability to 









Unlike actin filaments and microtubules, intermediate filaments are not polar filaments, and 
unlike G-actin and tubulin, intermediate filament assembly does not start from monomers or 
dimers, rather they grow from laterally association or end-to-end fusion of ~60 nm filaments that 
are used as building blocks for filament growth (75). The mechanical properties of intermediate 
filaments are defined by their coiled coils and by the cohesive forces between adjacent dimers 
(55). This provides intermediate filaments their structural performance as a shock-absorbing 
cytoskeletal network. 
While microtubules and actin filaments are by and 
large confined to the cytosol, there are two main 
intermediate filaments systems: one in the cytosol, 
and another inside the nucleus. The cytosolic 
intermediate filaments connect intercellular 
junction complexes (namely E-cadherin-based 
adherens junctions) located at the cell membrane 
with the outer nuclear membrane (55). In the 
cytosol, intermediate filaments (assembled 
primarily from keratin in keratinocytes, vimentin 
in mesenchymal stem cells, or desmin in 
fibroblasts) play a major role stabilizing cell 
shape, and providing resistance to mechanical 
stress. In the nucleus, intermediate filaments, assembled from lamins, stabilize the nuclear 
envelope and participate in the organization of heterochromatin (55). Moreover, intermediate 
Fig 1.3: Intermediate filaments connect 
intercellular junctions with nuclear membrane in 
mouse primary keratinocytes. Immunostaining of 
keratin (red) and E-cadherin (green). L.C.S. 
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filaments work synergistically with the actin and microtubule networks by integrating its 
architecture with the other two cytoskeletal networks, with help from spectraplakins (53), 
resulting in a complex interconnected scaffolding network with unique mechanical properties 
that works as a mechanical linkage between the nucleus and the extracellular matrix. 
 
1.4.2 Scaffold proteins: the crk-associated substrate (Cas) family 
There are over 150 proteins known to localize to integrin adhesion complexes (17). Some of 
those proteins are scaffold proteins, i.e. adaptors without enzymatic activity that contain binding 
sites for several other proteins. Belonging to this class scaffolds are the members of the crk-
associated substrate Cas family of proteins (56), an evolutionarily, structurally, and genetically 
conserved family of proteins comprising Cas-L (HEF1/NEDD9), p130Cas/BCAR1 and Sin/Efs 
(57). Cas-family proteins have four major conserved domains: (i) an SH3 domain at the N-
terminus, (ii) a flexible substrate domain rich in SH2 binding sites (multiple PxxY repeats), (iii) 
a Proline-rich domain, and (iv) a dimerization site at the C-terminus. Whether these homologous 
proteins play independent roles or whether they have redundant functions remains unknown. 
The Cas family member most abundant in T cells is Cas-L (also called Hef1 and NEDD9) (37, 
38). Cas-L contains a central substrate domain with 13 tyrosine residue motif repeats (YxxP), 
flanked by an N-terminal SH3 domain, and a C-terminal Src-family kinase-binding domain with 
consensus binding sites YDYVHL and RPLPSPP, for SH2 and SH3 domains, respectively. 
Similarly to p130Cas, the tyrosine residues in the substrate domain of Cas-L are putative SH2 
binding motifs, which bind SH2-containing molecules, namely kinases, simultaneously or 
competitively, and can thus undergo phosphorylation. After tyrosine phosphorylation, the 
adaptor Crk and guanine nucleotide exchange factors (GEFs) such as C3G are recruited to the 
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phosphorylated substrate domain of Cas-L and lead to activation of Rap1, a small GTPase that 
induces cell migration. Noteworthy is the ability of Cas-L to switch on and off this downstream 
signaling through its SH3 domain, depending on the proteins bound to its substrate domain. In 
summary, judging from its quite unique features, we hypothesize that Cas-L works both as a 





To better understand the function of Cas-L, and given the high sequence similarity between Cas-
L and its homologue p130Cas (57), I built a graphic representation of the putative structure of 
Cas-L based on the existing crystal structures of domains in Cas-L and p130Cas (58, 59, 60, 61) 
(Fig 1.4). To further support this model, I ran the amino acid sequence of Cas-L through two 
Fig 1.4: Graphic representation of the putative structure of Cas-L bound to SH2-SH3 regulatory domains 
of Lck. p130Cas-L N-terminal SH3 NMR structure adapted from (58). Four helix-bundle serine-rich 
domain NMR structure (Liu et al, unpublished, PDB entry number: 2L81). Crystal structure of the SH2-
binding site of p130Cas in complex with Lck of X-ray adapted from (59). Crystal structure of the C-
terminal four-helix-bundle of p130Cas adapted from (60). Estimated sizes of each region measured in 
Pymol. 
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sequence analysis software programs, PSIPRED and DISOPRED, which compare a given 
sequence to a database of protein sequences to which a structure has been solved, and return, 
respectively, a probability estimate of each residue in the sequence having a certain secondary 
structure, and having a certain level of disorder (http://bioinf.cs.ucl.ac.uk/psipred/). The results 
from those analyses support the Cas-L model on Fig 1.4,  
Although no definitive molecular force sensor or signal trigger has yet been clearly 
characterized, important findings from Sheetz lab show that p130Cas is likely to play a crucial 
role in mechanical sensing processes (62, 63). According to the mechanism proposed by Sawada 
et al. 2006 (62), when subjected to mechanical stretching, the p130Cas bound at integrin 
adhesion sites undergoes a conformational change, which leads to extension of its substrate 
domain, to which a unique set of molecular partners can bind in a phosphorylation-dependent 
and phosphorylation-independent manner. As shown in Fig 1.4, the central proline-rich substrate 
domain of Cas-L could hypothetically, analogously to p130Cas, easily extend when submitted to 
traction forces, thus exposing its 13 tyrosine repeats to kinases and other binding partners. In 
Chapter 5, I further explore a role for Cas-L as a mechanosensor in T cells. 
 
1.5 Implications of mechanical sensing on cell function  
Mesenchymal stem cells and T cells share many common mechanical components critical for the 
regulation of cell differentiation and immune responses, respectively. However, the organization 
of the actin cytoskeleton in mesenchymal stem cells and T cells is fundamentally different. 
While T cells exhibit a single type of cortical actin network that undergoes centripetal retrograde 
flow (47), MSCs exhibit stress fibers that connect the cell to its extracellular matrix through focal 
adhesions (i.e. molecular sites of attachment of the cell to its substrate) (64). Besides the obvious 
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importance of biochemical signaling through cell-substrate or cell-cell adhesion molecules, 
mechanical forces transmitted through the cytoskeleton play a crucial role in regulating cell 
behavior. However, the potential mechanisms underlying mechanical sensing require further 
clarification, and the implications of substrate rigidity on cell function are not well understood. 
In my thesis, I address these problems by analyzing the effects of substrate rigidity on cell 
function by using two different yet functionally complementary cell systems, mesenchymal stem 
cells and T cells, in the context of cell differentiation and immune response, respectively. 
 
1.5.1 Matrix rigidity directs mesenchymal stem cell differentiation 
Similarly to fibroblasts, the cytoskeletal organization of mesenchymal stem cells (such as actin 
stress fibers) provides a continuous mechanical linkage between the extracellular matrix, the 
three networks of cytoskeletal filaments, and the nucleus, thus enabling highly robust 
mechanosensing, mechanotransduction, and mechanoresponse processes (8, 64-66). Cell 
morphology is defined by the organization of the cytoskeleton, which is influenced by the 
rigidity and geometry of the extracellular matrix. Experimental results produced from my own 
work in Sheetz lab show that human mesenchymal stem cells cultured on nanofabricated 
polydimethylsiloxane (PDMS) of different rigidities acquire distinct morphologies resembling 
those of the terminally differentiated cell-lineages naturally found in tissues with similar 
physiological rigidity values. Similarly to previous studies (8), when I cultured human 
mesenchymal stem cells on rigid matrices they acquired a polarized migratory phenotype similar 
to that of osteocytes, and those spreading on soft matrices exhibited a smaller cell body and 
longer dendritic-like ramifications directed outwards, comparable to those of neurons (see results 
in Chapter 3). Each cell type has a well-defined shape, a signature morphology that is optimized 
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to play a specific role within the tissue or set of tissues it embodies. Thus, mechanical signaling 
pathways are vital for directing mesenchymal stem cell differentiation.  
 
1.5.2 The immunological synapse directs T cell-mediated immune responses 
In vivo, T cells are continually operating as highly polarized amoeboid cells — even when they 
form stable junctions with dendritic cells for primary stimulation, or with target cells to destroy 
virally infected cells or tumors (45). To better understand how the logic of force-dependent T 
cell activation adds substantial insight into immune response mechanisms, one must consider the 
role of migration on the basal behavior of naïve T cells living on their natural environments. 
There are two important features of naïve T cell motility: one is that it seems to be entirely 
guided by extrinsic signals; the other is that T cell adhesion to antigen presenting cells on the 
lymph node relies on force-dependent activation of T cell integrins, like LFA-1 (19). Indeed, 
during a T cell’s life in vivo, T cells undergo relentless migration through tissue parenchyma and 
lymph nodes during antigen recognition, using random amoeboid locomotion, with (fast) average 
speeds of 10-15 µm/min, exhibiting a polarized, asymmetric morphology (45). Eventually they 
find an antigen which can stop migration and prompt a major rearrangement of the motile 
apparatus, leading to the formation of a stable immune cell-cell junction, formed by adhesion 
molecules clustered in two radially symmetric rings, with a prominent central secretory domain 
where TCRs accumulate. This adhesive nanometer scale gap junction that looks like a “bull’s 
eye” on the interface of T cell—antigen presenting cell (APC) conjugates is called 
immunological synapse (67-70). Here, there is a finely tuned orchestration between the dynamic 
actomyosin modules of the cytoskeleton and those three concentric supramolecular activation 
structures (SMACs) – central, peripheral and distal SMAC. Although the T cell uses mechanical 
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force symmetrization to stop migration, the motile machinery is still highly active, and the 
retrograde actin flow is now directed inward for sustained signaling integration. This intimate 
cellular intercourse lasts up to twelve hours until synapse symmetry breaks and the T cell then 
becomes once again polarized and highly motile. In addition, Dustin and colleagues have shown 
that T cell receptor/phosphotyrosine (TCR/pY)-mediated signaling at the immunological synapse 
can be modulated by changing the geometrical configuration of the antigen-presenting substrate 
of T cells (31, 71-73). Altogether, these observations suggest that antigen presenting cells may 
use the cytoskeleton to modify the local arrangement of TCR ligands, thus regulating the time 
and strength of T cell activation. 
In Chapter 4, I further explore the role of actin polymerization-generated forces at the T cell–
APC interface on TCR stimulation and T cell activation. 
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2.1 General aim 
The thrust of this thesis is to understand the molecular basis of mechanical sensing in cells, with 
a focus on the activities of actin polymerization, myosin contraction, and scaffold protein status. 
With this goal in mind, this thesis is focused on (i) studying substrate rigidity sensing in 
mesenchymal stem cells and in T cells, (ii) learning the molecular mechanisms of mechanical 
sensing in place in both systems, and (iii) building one model that is valid for those two 
complementary systems. 
 
2.2 Specific aims 
The specific aims of each project were: 
- In chapter 3, to focus on how mesenchymal stem cells use the actin cytoskeleton to 
sense and adapt their morphology to the chemical and elastic features of their 
underlying substrate in the context of stem cell differentiation. 
- In chapter 4, to understand how intercellular forces induced by actin cytoskeleton-
dependent membrane protrusions at the interface of a T cell—antigen presenting cell 
conjugate impact immunological synapse formation and T cell activation. 
- In chapter 5, to explore the mechanism of Cas-L activation at the immunological 
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In living tissues, niche microenvironments provide physicochemical signals that regulate cell 
morphology and differential cellular function. Studying these processes in vitro remains a 
challenge in part due to the lack of reliable standardized methods to characterize the cellular 
responses to substrate rigidity. Here we used an immortalized clonal cell line of human 
mesenchymal stem cells (MSCs) to explore the effects of substrate rigidity on cellular 
morphology. Rigid polyacrylamide substrates induced spreading and a spindle-like morphology, 
whereas cells on softer substrates exhibited impaired spreading and acquired a highly branched 
morphology with dendritic-like membrane protrusions. Also, the density and organization of the 
f-actin network correlated with substrate rigidity. Further, we fabricated polydimethylsiloxane 
substrates patterned with microarrays of elastic pillars of different rigidity to visualize forces 
exerted by cells on the underlying substrates. Cells spread more on rigid pillar arrays than on soft 
pillars. Importantly, a substrate composed of pillar arrays of different rigidity induced different 
local morphologies within a single cell. Further, MSCs migrate preferentially towards rigid pillar 
arrays. We saw that cells exerted pulling forces on the pillars, which showed greater deflection 
under the actin-rich cell edge. Thus, we show that MSCs feel local substrate rigidity by using 
mechanical sensing mechanisms that are dependent on f-actin, which in turn regulates cellular 
morphology. This study provides insight on how substrate rigidity and surface matrix affects the 
morphology of MSCs during early spreading, and how mechanical sensing processes play a 
major role in cell differentiation. 
  




Despite the importance of mechanosensing of matrix rigidity this field has been largely 
unexplored until recently, and at present the mechanisms underlying mechanosensing processes 
remain largely unexplored. 
The morphology of a cell is tightly connected to its specialized function. Differentiated 
adipocytes have a round, spherical morphology that provides maximal fat storage in adipose 
tissues, whereas osteocytes have a flatter, more elongated shape, which maximizes matrix 
deposition for bone regeneration (1, 2). Cell morphology is determined by the modulation of 
genetic expression and silencing during the processes of stem cell lineage commitment and 
differentiation, which determine cell fate and lineage-specific features, respectively. The 
outcome of these processes depends in part on how cells sense and respond to various cues in 
their local tissue microenvironment, including the composition of the extracellular matrix, the 
density of adhesive ligands, surface texture, topography, and mechanical compliance (3, 4). 
Despite significant knowledge on the mechanisms involved in stem cell differentiation induced 
by extracellular biochemical factors (5-7), it remains unclear how physical properties of the local 
microenvironment regulate stem cell morphology and differentiation.  
There is increasing evidence that the morphology and differentiation of human mesenchymal 
stem cells (MSCs) depends on the rigidity of the underlying substrate (8-10). Human MSCs are 
bone marrow stroma-derived cells which have a similar morphology to embryonic stem cells, 
and hold the potential to differentiate into several distinct cell lineages. MSCs cultured on 
substrates with different elastic modulus, i.e. different rigidity, acquire distinct morphologies 
resembling those of the terminally differentiated cell lineages naturally found in tissues with 
similar physiological rigidity values. While MSCs cultured on rigid substrates exhibit a polarized 
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migratory phenotype similar to that of osteocytes, MSCs spreading on softer substrates show a 
smaller cell body and long dendritic-like ramifications directed outwards, comparable to those of 
neurons (8-10). However, the mechanisms that stem cells use to sense the rigidity of their 
microenvironment and how substrate rigidity regulates stem cell morphology and differentiation 
remain unclear.  
It is now known that the actin cytoskeleton and the mechanical forces generated by a cell’s own 
contractile machinery play a major role in regulating the switch in lineage commitment by 
changing cell morphology (4, 8, 9, 11-14). Previous studies in an adipogenic cell line showed 
that adipogenic differentiation was inhibited when cells spread on fibronectin-coated coverslips, 
but this inhibition could be reversed by treating cells with the actin polymerization disruption 
drug cytochalasin D (15). Furthermore, differentiation of osteocytes into osteoblasts required an 
intact actin cytoskeleton, integrin-cytoskeleton linkage, and myosin activity (8, 16, 17). 
However, the mechanisms underlying actin-dependent lineage specialization remain unclear. 
Here we investigate how substrate rigidity and surface matrix affect the morphology, spreading 
dynamics, and actin cytoskeleton organization of MSCs in the context of lineage differentiation. 
We manufactured polyacrylamide gel substrates of different rigidity and coated them with 
different matrix proteins, and observed that rigid substrates (Young's Modulus E ~ 100 kPa) 
induce an average 2-fold higher mean adhesive cell area than soft substrates (E ~ 5 kPa). The f-
actin network was mostly unstructured on soft substrates, and it became increasingly organized 
on rigid substrates. We also fabricated PDMS substrates patterned with microarrays of flexible 
pillars of dual rigidity. These pillar arrays were used as a platform to visualize local forces 
exerted by MSCs on the substrates by looking at the deflection of the pillars. Pillar deflection 
was greater at the cell edge, where higher tension forces apply. Further, soft pillars induced long 
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dendritic-like membrane extensions, and stiffer pillars induced smooth lamellipodia expansion. 
Importantly, when a single cell spread over both rigidities it acquired a hybrid morphology, 
showing branched ramifications over the soft pillar array, and smooth lamellipodia over the rigid 
pillar array. Altogether, our morphometric and pillar deflection observations demonstrate that 
MSCs sense local substrate rigidity by generating local forces that lead to local morphological 
changes through rearrangement of their f-actin cytoskeleton. Quantitative analyses like the ones 
presented here are important because they allow us to understand mechanisms of rigidity sensing 
of individual cells, demonstrating that it is the coordinated changes in individual cells that 
contribute to tissue morphogenesis, and providing further insight on how to modulate stem cell 
morphology with an aim to controlling lineage differentiation.  
 
3.3 Materials and Methods 
 
Cell isolation and cell culture  
Immortalized human mesenchymal stem cells (MSCs) were generated by Okamoto et al. (18). 
Briefly, MSCs from human bone marrow aspirates were stably transduced by a retroviral vector 
containing the gene for the catalytic subunit of human telomerase (hTERT). Cells were expanded 
to passage 4 following 5 weeks of culture and subsequently trypsinized in TrypLE™ Express 
dissociation medium (Invitrogen) and seeded onto tissue culture plates at a density of 1 × 104 
cells per sample in 1 mL of complete medium. Cells were maintained at 37°C with a 5% CO2 
atmosphere in advanced Dulbecco’s modified Eagle’s medium (Gibco) supplemented with 5% 
fetal bovine serum (Gibco), 1% l-glutamine and 100 IU mg–1 penicillin/streptomycin 
(Invitrogen). 
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After incubating MSCs on the substrates at 37 ˚C, cells were fixed with 4% para-formaldehyde, 
and permeabilized with 0.05% Triton-X in PBS for 3 min, followed by blocking with 5% BSA 
for 30 min, and staining for f-actin with rhodamine phalloidin for 30 min at room temperature.  
 
Polyacrylamide substrate fabrication 
Polyacrylamide substrate fabrication was performed as previously described in Kostic et al 2007. 
Substrate rigidity was varied by keeping the content of acrylamide at 10% while changing the 
content of bis-acrylamide. Thus, the bis-acrylamide percentual content of the polyacrylamide gel 
substrates correlates with the gel rigidity. Briefly, a drop of 28ul of polyacrylamide gel solution 
was placed on a glass coverslip (22 mm), and then covered with a round glass coverslips (18 
mm). Polyacrylamide gel substrate polymerization occurred in approximately 15 minutes. 
Coverslips were moisturized in PBS and rapidly removed. Gels were washed two times with 
PBS and stored at room temperature until further use. The Young’s modulus of the substrates 
was measured by nanoindentation. Rigid (100 kPa; 0.40% bis-acrylamide) or soft (5 kPa; 0.02% 
bis-acrylamide) polyacrylamide gel substrates coated with collagen (50 µg/ml), fibronectin (50 
µg/ml), or laminin (40 µg/ml) and incubated at 37˚C for 1 hour. Microscopic analysis of the gels’ 
surface before the coating revealed smooth surfaces in all gels. However, after matrix coating 
incubation, microscopic analysis detected surface creases created by elastic instability and 
swelling of the softest polyacrylamide gel substrates (5 kPa), but not on other rigidities. 
 
PDMS pillar array fabrication 
Polydimethyl siloxane (PDMS) substrates of different rigidities were prepared by combining the 
elastomer base with the curating agent provided by the Sylgard 184 silicone elastomer kit (Dow 
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Corning, MI), with ratio of 10:1. The elastomer base and the curating agent were thoroughly 
mixed, centrifuged for 5 minutes at 1000 x g, degassed under vacuum for 15 minutes, and coated 
onto silicon wafers designed for pillar molds previously described in (Ghassemi et al 2012). The 
PDMS was then curated overnight at 60°C and kept at room temperature until further use. A 
force-calibration curve was generated by applying a series of forces of known magnitude on the 
pillars with magnetic tweezers and then assigning the angle of bending induced to a force value. 
Surface functionalization with matrix proteins proved to be uniform and stable throughout the 
time course of the experiments performed here.  
 
Time-lapse microscopy 
MSCs were seeded onto patterned and control PDMS substrata and incubated for 1 hour to allow 
cells to adhere. Cell media as subsequently removed and cells cultured in CO2 independent 
medium (Gibco) supplemented with 10% fetal bovine serum, 1% l-glutamine and 100 IU mg–1 
penicillin/streptomycin (Invitrogen). The substrates were sandwiched to an aluminum 
microscope slide with vaccum grease. Time-lapse micrographs were recorded with a 20×, 0.7 
NA air objective (Olympus) through a cooled CCD camera CoolSNAP HQ (Roper Scientific 
Inc.) using Simple PCI software (Compix Inc.). Images were captured via Differential 
interference contrast (DIC) microscopy every 5 mins. 
 
Morphometric measurements  
Morphometric measurements were made from phase contrast or fluorescence images of fixed 
cells spreading on different substrates. The outlines of single cells were traced in ImageJ using 
the “Magic wand” tool after making the images binary with the “Threshold” function. To obtain 
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a coherent mask of the cells, the functions “Close”, “Fill Holes” and “Remove Outliers” were 
also used. Each cell was added to a list using “ROI Manager”, and then measurements of area 
(A), perimeter (p), circularity, and Feret’s diameter were acquired. Circularity is a unitless ratio 
(4πA/p2) which equals one for a circle and less than one for any other shape. It provides a 
measure of how efficiently a perimeter encloses an area, thus indicating the degree of deviation 
of a shape from circular. Feret’s diameter is the longest distance between any two points along 
the outline of a cell. The aspect ratio of a cell was calculated from the ratio between the major 
and minor axis of the cell’s fitted ellipse. Cell branching was quantified by the number of 
membrane branches (filopodia extensions) per length of perimeter. Next, spreading cells were 
classified according to the shape of their outlines as round, polygonal, or spindle-shaped 





MSCs exhibit substrate rigidity sensing at early stages of spreading 
Although MSCs spreading on substrates of different rigidities exhibit different morphology, little 
is known about the effects of substrate rigidity on adhesion and early stages of spreading of 
MSCs. We investigated the appearance of mechanical sensing mechanisms during adhesion and 
early stages of spreading, and if so, how do cells respond to substrate rigidity at early stages of 
spreading. We compared the morphology of cells spreading on rigid versus soft substrates by 
time-lapse imaging from the onset of spreading, and observed that MSCs spread more on rigid 
substrates than on soft substrates, exhibiting highly branched dendritic-like membrane 
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protrusions on soft substrates (Fig 3.1A-C; supplementary Movie 1). On rigid substrates, MSCs 
went through a very fast initial spreading phase as soon as they contacted the surface of the 
substrate (Fig 3.1D; supplementary Movie 1), and their contact area increased significantly by 
lamellipodia expansion until it reached a maximum (an average 2-fold increase relative to the 
initial area, Fig 3.1D), and then cells started contracting, polarized, and migrated (supplementary 
Movie 1). The area of MSCs spreading on soft substrates was on average two times smaller than 
MSCs spreading on rigid substrates during all time-points of early stages of spreading (Fig 
3.1D), and the rate of increase of cell area was greater on rigid substrates than soft ones. In 
contrast, in soft substrates MSCs took longer to attach to the substrate’s surface (Fig 3.1A 
bottom panel; supplementary Movie 1), and extended many highly branched dendritic-like 
membrane protrusions (Fig 3.1B-C, G), while maintaining a relatively smaller circular cell body. 
Often the long thin membrane protrusions did not fully adhere to the surface of soft substrates, 
and they quickly retracted back towards the cell body when they failed to firmly attach to the 
substrate (supplementary Movie 1). Importantly, the morphological features acquired during 
early spreading were maintained throughout later stages of spreading (up to 19h of spreading; 
Fig 3.2H-I), suggesting that the morphological features characteristic of MSCs are defined at 
early stages of spreading. 
Together, these results indicate that MSCs have rigidity sensing mechanisms in place during 
early stages of spreading, which drive morphological changes that depend on substrate elastic 
modulus. 




Fig. 3.1: Substrate rigidity direct morphology of MSCs. (A) Time-lapse series of images of human MSCs 
spreading for 20 min on rigid (100 kPa) or soft (5 kPa) polyacrylamide substrates coated with collagen 
(50 µg/ml). Scale bar = 10 µm. (B-C) Number of filopodia protrusion branches per cell or per perimeter 
length unit in MSCs spreading for 20 min on rigid (100kPa) or soft (5kPa) substrates. (D-F) 
Morphometric measurements of MSCs spreading for 20 min on rigid or soft substrates. Data was 
averaged from at least 5 cells and two independent experiments. (G) Size distribution of the filopodia 
protrusion branches, as normalized to the total number of branches counted in MSC spreading on soft 
substrates (representative of at least 5 cells; n=2). (H-I) MSCs maintain morphological trends at later 
stages of spreading. Time-course analyses of average adhesive cell area and filopodia branches per 
perimeter length unit (>10 cells; n=2). 
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Substrate rigidity and surface matrix protein coating direct the morphology of MSCs 
In order to elucidate if surface chemistry influenced early cell spreading we functionalized the 
polyacrylamide gel surface with extracellular matrix proteins. Glass coverslips were coated with 
50 µm/ml of collagen, fibronectin, or laminin to determine if MSCs had a preference for 
spreading on any of those protein matrices. Human MSCs were cultured for 3 hours on protein 
matrix-coated glass coverslips, and it was observed that cells failed to attach to or did not spread 
on laminin, but spread on collagen and fibronectin-coated glass (Fig 3.2A). Hence, in all 
subsequent experiments we used substrates coated with either collagen or fibronectin. 
Next, with an aim to understanding the effects of substrate rigidity and surface matrix on MCS 
differentiation, we performed a detailed morphometric analysis of MSCs spreading on collagen- 
or fibronectin-coated polyacrylamide gel substrates of  different elastic modulus, E, ranging from 
softer gels with E = 5kPa, to more rigid gels with E = 100kPa, and also on glass coverslips (Fig 
3.2B). We observed that the average spreading area of MSCs showed a positive trend on 
increasingly stiffer substrates (Fig 3.2C). In contrast, MSCs on soft substrates exhibited on 
average a smaller cell area (Fig 3.2C), and circular cell-bodies (Fig 3.2D), with a strikingly 
higher number of dendritic-like membrane protrusions than cells spreading on rigid substrates 
(Fig 3.2E). Furthermore, the shape of MSCs spreading on rigid substrates exhibited a 
characteristic spindle-like appearance with a tendency towards a triangular form on stiffer 
substrates, as illustrated by the overall decrease in aspect ratio values with increasing elastic 
modulus (Fig 3.2G), and by an increase of the Feret’s diameter with increasing elastic modulus 
(Fig 3.2H). MSCs on softer substrates exhibited uncoordinated filopodia extensions and intense 
membrane ruffling, whereas on rigid substrates cells had a smoother membrane edge 
(supplementary Movie 2). 
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As shown in Fig 3.2B, there is no significant variation between the morphometric parameters of 
MSCs spreading on collagen or fibronectin, although collagen coating seemed to provide a 
marginal improvement of adhesion and spreading of MSCs on the softest substrates. In fact, 
MSCs showed a preferential tendency to rest along substrate topological features, such as surface 
creases created by elastic instability and swelling of the softest polyacrylamide gel substrates 
(Fig 3.2A-B) (19). The tendency to occupy surface creases was more obvious on fibronectin-
coated substrates, whereas in collagen-coated substrates the majority of MSCs overcame this 
tendency and spread on the smooth flat regions of the substrate (Fig 3.2B). 
Our analyses show that MSCs acquire a well-defined morphology according to substrate rigidity, 
and that cell spreading correlated with the elastic modulus of the underlying substrate. Together, 
these morphometric measurements provide evidence supporting a role for substrate rigidity in 









Fig. 3.2: Morphology of MSCs varies with substrate rigidity and surface matrix protein coating. 
(A) Protein matrix surface coating affects spreading of MSCs.  Phase contrast images of MSCs 
3h after seeding on rigid (100 kPa) or soft (5 kPa) polyacrylamide gel substrates coated with 
collagen (50 µg/ml), fibronectin (50 µg/ml), or laminin (40 µg/ml). (B) MSCs at 20 min of 
spreading on polyacrylamide substrates of different elastic modulus (5 kPa or 100 kPa) or glass 
coated with collagen or fibronectin. Scale bar = 10 µm (C-H) Morphometric measurements of 
MSCs on polyacrylamide substrates and glass coverslips, coated with collagen or fibronectin. 
Number of filopodia protrusion branches per perimeter length unit is plotted in E. Results are 
representative of at least 10 cells and two independent experiments. 
 
  
Chapter 3: Rigidity regulates stem cell morphology 
38 
 
F-actin organization correlates with substrate elastic modulus. 
The presence of long filopodia extensions in MSCs spreading on soft substrates may reflect 
rearrangements of the f-actin network that depend on substrate rigidity. Contractile forces 
generated by MSCs on rigid substrates promote the maturation and stabilization of focal 
adhesions), which serve as molecular signaling platforms that regulate the dynamics of f-actin 
assembly and organization. Hence, in order to interpret the mechanisms that MSCs use to adapt 
their morphology to substrate rigidity we looked at the organization of the f-actin network in 
MSCs spreading on collagen or fibronectin-coated polyacrylamide gel substrates of different 
elastic modulus (Fig 3.3A). On rigid substrates, the f-actin network in MSCs is denser, and cells 
exhibit robust f-actin stress fibers spanning the whole cell body in well-defined filaments (Fig 
3.3A top panel; Fig 3.3B right panel; Fig 3.3C-D). In contrast, on soft substrates the organization 
of the f-actin network was compromised, and cells had shorter and less abundant actin bundles, 
as indicated by the irregular distribution of the phalloidin staining (Fig 3.3A bottom panel; Fig 
3.3B left panel; Fig 3.3C-D). Interestingly, f-actin accumulated preferentially at the edge of 
spreading cells (Fig 3.3B), where filopodial formation and higher tension forces are reported, 
suggesting that local assembly of f-actin plays a role in rigidity sensing during cell spreading. 
These results suggest that the rigidity sensing mechanisms in place during spreading of MSCs 
intrinsically depend on the f-actin cytoskeleton, which in turn plays a role in defining 
morphology. 
 




Fig. 3.3: F-actin cytoskeleton organization correlates with substrate elastic modulus. (A) F-actin 
epifluorescence images of MSCs spreading on polyacrylamide gels of different rigidities coated 
either with collagen or fibronectin. MSCs were fixed 2h after seeding with 4% formaldehyde, 
and then stained with rhodamin-phalloidin. Scale bar = 10 µm. (B-C) Measurements of mean or 
total fluorescence intensity of rhodamin-phalloidin in MSCs (data represent at least 5 cells per 
substrate type; n=2; Scale bar = 10 µm). 
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MSCs sense and adapt to local rigidity constraints of the underlying substrate 
Substrates of homogeneous elastic modulus are a suitable platform for whole cell analyses, but 
they do not provide information on how local variations of rigidity affect cell function. To 
investigate the mechanisms of local rigidity sensing, we fabricated microarrays of flexible 
polydimethylsiloxane (PDMS) pillars designed to impose specific rigidity constraints on MSCs 
(Fig 3.4A). Using a lithography-based method described previously (20), and by varying the 
geometric parameters of height, diameter, and pillar-to-pillar spacing, we manufactured 
substrates with microarrays of flexible PDMS pillars of different rigidity, and then analyzed the 
influence of pillar rigidity on MSC morphology and differentiation. Briefly, the pillar substrates 
used had all pillars tops leveled on the same plane, with 0.75 µm in diameter, and spaced by 2 
µm. Pillar rigidity was varied by simply changing pillar height, keeping all other parameters 
equal. Thus, pillars of different heights corresponded to different values of rigidity, i.e., rigid 
pillars height was 0.8 µm; soft pillar height was 4.4 µm. Due to the increased cellular spreading 
on fibronectin substrates, we chose this chemistry to investigate cell morphology on pillar 
substrates. We saw that MSCs adhered to and spread on the top of fibronectin-coated pillars, and 
exerted pulling and pushing forces on the pillars, which deflected to an angle proportional to the 
magnitude and direction of the force applied by the cell in the linear elastic regime (Fig 3.4A; 
supplementary Movie 3). Early spreading imaging of MSCs on arrays of rigid (shorter) pillars 
revealed robust expansion of the lamella towards the cell edge (Fig 3.4B top panel; 
supplementary Movie 3), and finally acquired a migratory phenotype with well-defined 
lamellipodia, as similarly observed in polyacrylamide substrates of high elastic modulus (Fig 
3.4C left frame). In contrast, arrays of soft (longer) pillars induced intense exploratory membrane 
ruffling and formation of elongated dendritic-like filopodia protrusions that followed the 
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interstitial spaces between rows of pillars, and ultimately cells did not polarize, or exhibited 
uncoordinated motion as they did similarly on soft polyacrylamide gel substrates (Fig 3.4B 
bottom panel; Fig 3.4C right frame; supplementary Movie 3).  
To further explore local rigidity sensing mechanisms of MSCs, we designed and fabricated 
double-rigidity pillar arrays featuring two continuously adjacent arrays of different rigidities: one 
array of soft pillars and the other of rigid pillars (Fig 3.4A). Remarkably, if a cell was located at 
the soft/rigid boundary of the double-rigidity pillar arrays, the cell acquired a hybrid 
morphology, in which the part of the cell in contact with an array of a defined elastic modulus 
acquired the typical morphology of cells that spread on a substrate of that modulus (Fig 3.4D). 
Moreover, a cell spreading on the soft/rigid boundary rapidly polarized and migrated towards the 
rigid pillar array (Fig 3.4E; Supplementary Movie 4). When a cell that was initially attached to 
the soft pillar array extended a filopodia protrusion across the soft/rigid boundary and over to the 
rigid array, it prompted intense membrane expansion towards the rigid array, polarized, and 
rapidly left the soft array, migrating its way across to the rigid array. The opposite situation 
(migration from rigid to soft regions) was not observed in any of the MSC spreading assays 
carried out.  
Together these results demonstrate that MCSs sense local rigidity of the underlying substrate, 
and that it is those local substrate variations that trigger local f-actin rearrangements leading to 
changes in cell morphology and behavior. Thus, these data support the existence of an intrinsic 
rigidity-dependent mechanism that regulates MSC differentiation. 
 




Fig. 3.4: Local changes in MSC morphology are induced by substrate rigidity. (A Top frame) 
Scanning electron microscopy (SEM) image of the boundary between double-height poly-
dimethylsiloxane (PDMS) pillar arrays. Substrate was tilted at a 20 degree angle to show profile 
of the pillar arrays. The top of the pillars are on the same plane, and pillar arrays are 
continuously adjacent. Pillar tops are 0.75 µm in diameter; spacing between pillar edges is 2 µm. 
The two heights correspond to two values of rigidity; rigid pillars height is 0.8 µm; soft pillar 
height is 4.4 µm. Pillars were coated with fibronectin. (A bottom frame) SEM image of a MSC 
spreading over the boundary between the dual-rigidity pillar substrate. Yellow arrows exemplify 
pillars being deflected by the cell.  (B) Time-lapse imaging of MSCs spreading on pillars of rigid 
versus soft rigidity (initial 20 minutes after seeding). MSCs spreading on PDMS pillar arrays 
pull and push on underlying pillars, and acquire different morphology depending on pillar 
stiffness. (C) MSCs maintain distinct morphology at later stages of spreading (2h after seeding). 
(D) A single MSC spreading simultaneously on a double-height PDMS pillar array adapts its 
morphology to the varying rigidity of the local underlying substrate. (E) An MSC initially 
seeded at the boundary between rigid and soft pillar arrays migrates preferentially towards the 
rigid pillar array. 
  




Stem cell differentiation is an essential process of tissue morphogenesis. Both the function and 
shape of a particular cellular tissue are determined by the specific cell type or cell types that form 
that tissue. In turn, each tissue provides a unique microenvironment with a specific set of 
physicochemical properties that determine cellular functional specialization. Thus, understanding 
the physical and chemical interactions between stem cells and their microenvironment provides 
valuable insight on the mechanisms that regulate stem cell differentiation. 
Here, we analyzed the morphology of mesenchymal stem cells (MSCs) on substrates of different 
rigidity during early stages of spreading. We report that cell morphology adapts to the local 
rigidity of the substrate and surface matrix protein coating. Further, we show that the f-actin 
cytoskeleton not only defines cell morphology, but it also plays a major role in the rigidity-
sensing process during early cell spreading. 
We cultured MSCs on polyacrylamide gel substrates of different rigidity (elastic modulus 
ranging between 10-100 kPa) coated with different surface matrix proteins and observed that the 
cell-substrate contact area of cells spreading on rigid substrates was approximately twice higher 
than cells on soft substrates. Furthermore, the f-actin cytoskeleton was increasingly organized on 
rigid substrates, and cells exhibited long stress fibers that extended to the edge of actin-rich 
filopodial protrusions, thus sustaining a larger average cell spreading area, relative to soft 
substrates. 
We also fabricated microarrays of flexible PDMS pillars that were coated with fibronectin and 
used as mechanical constraint-imposing substrates to visualize local forces generated by MSCs 
on the pillars. Actin-rich filopodia reached out, attached, and pulled on pillar tops, sensing the 
pillar stiffness. As predicted, higher tensions were generated at the cell edge, where the pillars 
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underwent greater deflection angles. Furthermore, soft pillars induced long dendritic-like 
filopodial extensions, and stiffer pillars induced smooth lamellipodia expansion. Importantly, 
when a single cell spread over the boundary between pillar arrays with different rigidities it 
acquired a hybrid morphology, extending long branched ramifications over the soft pillar array, 
and smooth lamellipodia over the rigid pillar array, eventually migrating towards the rigid pillar 
array. These observations corroborate previous findings (Lo et al. 2000) suggesting that cell 
migration follows a mechanism of durotaxis, i.e. migration in the direction of increasing 
substrate rigidity. Altogether, these results suggest that MSCs use actin-dependent rigidity-
sensing mechanisms to probe the rigidity of their underlying substrate during adhesion and early 
spreading, thus leading to local morphological changes, followed by major actin cytoskeleton 
rearrangements that determine whole cell morphology. Ultimately those signals reach the 
nucleus, and regulate pathways leading to cell lineage differentiation (3, 8, 12, 13). 
Pillar array substrates include the additional advantage of providing accurate measurements of 
locally-generated cellular forces, which can be calculated from the deflection angles of 
individual pillars. Thus, combined with genetic, epigenetic, transcriptional, and pharmacological 
experimental data, these substrates will facilitate unraveling of new mechanosensing proteins and 
mechanisms involved in stem cell differentiation. 
Rigidity-sensing mechanisms are conserved across cells from different tissues (21) (Torres et al. 
2008, Ghassemi, 2012, Meacci 2013, Wolfenson 2013). Cells activate rigidity-sensing when 
probing their substrate for attachment sites during early spreading, and stiffer substrates seem to 
provide a more stable mechanical support to cell adhesion than softer substrates. Here, we 
propose a model of rigidity-directed morphological differentiation in MSCs. Engagement of 
integrins to the local extracellular matrix transmits signals through the cell membrane that induce 
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integrin clustering, followed by recruitment of actin polymerization proteins to those clusters, 
thus triggering local actin polymerization. Thus, a physical linkage between extracellular matrix-
integrin-actin cytoskeleton is formed, allowing cells to gauge the mechanical properties of the 
substrate. On rigid substrates, the matrix-integrin-cytoskeleton linkage is strengthened, thus 
activating local mechanosensors, which are phosphorylated by Src-family kinases. Activated 
mechanosensors promote focal adhesion assembly and further actin polymerization via a positive 
feedback loop, thus shaping cellular morphology and ultimately regulating cell differentiation. In 
contrast, on soft substrates, that physical linkage is weaker, actin polymerization is destabilized, 
and cell-matrix attachments do not mature. As a consequence, the cell continuously extends and 
retracts membrane protrusions in search for new attachment sites, thus leading to a highly 
branched dendritic-like cell morphology. Hence, it is plausible to hypothesize that the 
mechanical sensing processes taking place during early spreading of MSCs define the 
morphological changes that, in turn, lead to a specific functional outcome of MSC differentiation 
and lineage specialization. 
We envision the development and optimization of bioengineered substrates for understanding the 
effects of physical local microenvironment and also for stem cell engineering. In order to control 
stem cell differentiation in engineered systems it is critical to determine the effect of a material’s 
biochemical and mechanical properties on cell differentiation. Methods like the one presented 
here, combined with high-throughput image analysis, provide a powerful and reproducible 
experimental approach to understanding the role of mechanosensing processes in MSC 
differentiation. A quantitative comparative analysis of differential expression of rigidity-sensitive 
molecular components is required to address how substrate rigidity regulates MSC lineage 
commitment. To further characterize the effects of mechanical signals on human stem cell 
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differentiation, it is urgent to identify the molecular components involved in the 
mechanosensing-dependent switches that determine cell fate. We envision that transcriptional 
profiling microarray analyses of human MSCs undergoing differentiation while exposed to 
different types of mechanical cues will reveal striking changes in mRNA content entailing the 
gene networks involved in mechanotransduction.  
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This chapter is based on: High resolution imaging of the immunological synapse and TCR 
microclustering through microfabricated substrates, M.J.P. Biggs, M.C. Milone, L.C. Santos, 
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Here we describe a system of micropit fabrication coupled with laser confocal microscopy for 
high-resolution imaging of the immunological synapse (IS) in T cell–APC conjugates. We 
consider the system to have many advantages over conventional methodology for imaging the IS. 
In particular microfabricated pits allowed the vertical orientation of cell-cell conjugates, 
facilitating planar imaging of microcluster dynamics at the IS. Importantly, cell conjugates are 
not substrate adhered, a factor which may influence microcluster dynamics. Micropit substrates 
allowed for the simultaneous analysis of multiple cell conjugates within a single imaging field. 
Further, following master fabrication, the polydimethylsiloxane (PDMS) embossing process is a 
relatively simple and quick technique requiring little specialized equipment. Data presented 
within this paper indicate that the APC membrane may play an active role in regulating IS 
formation and T cell activation through the formation of cellular extensions, structures which 
converge at the cSMAC in a specialized extension complex (EC). Future studies will concentrate 
on a molecular breakdown of signaling pathways along with sophisticated real-time imaging 
studies to define the specific roles of TCR, the APC membrane and co-stimulatory molecules in 








Juxtacrine signaling and cell–cell interactions involve multiple adhesion and regulatory 
molecules, the collective interaction of which can direct cell activation and differential cell 
function. In particular, T cell recognition is mediated by clonotypically distributed αβ and γδ T 
cell receptor (TCR) molecules that interact with peptide-loaded major histocompatability 
complexes (MHC) presented by on the antigen presenting cell (APC) membrane (1). The 
antigen-specific chains of the TCR do not possess signaling domains but instead are coupled to 
the multisubunit signaling apparatus CD3ɛ, to form the TCR/CD3 receptor complex (2, 3). The 
mechanism by which TCR ligation can directly regulate the T cell signaling apparatus remains 
elusive in immunology. It seems clear however, that a sustained T cell response involves 
coreceptor engagement (particularly CD28), TCR oligomerization, and a high order arrangement 
of TCR/MHC complexes at the T cell–APC interface. 
Coined by Sherrington from the Greek “syn” (together) and “haptein” (to clasp) to signify 
neuronal cell-cell junctions (4), the term immunological synapse (IS) was first extended to T cell 
biology by Paul and Seder  (5) to describe the interfacial interaction that occurs between a T cell 
and an antigen-presenting B cell. Later, Kupfer and colleagues (6) revealed that the IS describes 
a compartmentalization of the interactions at the T cell—APC interface. A central TCR/MHC-
rich zone termed the central supramolecular activation cluster (cSMAC) forms the “bull’s eye” 
of this structure. While the cellular interface surrounding the cSMAC, termed the peripheral 
supramolecular activation cluster (pSMAC), denotes an outer region enriched in cell-cell 
adhesion molecules. Studies to date suggest that the macrostructure of the IS is formed from the 
centripetal streaming of membrane microclusters, TCR aggregates which measure approximately 
1 μm in diameter. Further to this, evidence suggests that the spatial organization of the clustering 
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within the IS has an active role in regulating the signaling state of individual molecular 
components, and thus can alter T cell activation (7-9). 
In vitro study of the genesis of the IS and the dynamic process of TCR microcluster coalescence 
in T cell populations is hampered by cell migration within the culture system as well as by 
resolution constraints resulting from lateral cell-cell contact (Fig 4.1A-B). At present high-
resolution imaging of the IS in a live cell system relies on the use of several stratagem to 
facilitate study of TCR microcluster dynamics, all of which are associated with specific 
advantages and drawbacks. Confocal volume rendering is commonly used in biological confocal 
imaging and utilizes a combination of optical and computational techniques to acquire a series of 
X,Y-plane images which are recorded along the Z axis and the signal can be volume rendered for 
quantitative analysis. Computer algorithms are used to compensate for the absent interplane 
detail and to reconstruct a 3D image (10). This method is commonly employed to study the 
dynamics of IS formation in lateral T cell–APC conjugates (6, 11), and can be used to rapidly 
acquire 3D information of the IS morphology and structure. Deconvoluted, and 3D rendered 
images however suffer from artefactual distortion, and a loss of resolution in the Z dimension. 
As a result, reliable interpretation of these images may be difficult or even impossible, 
particularly in dynamic live cell systems (12). Laser tweezer or laser trap technology has recently 
been implemented for the manipulation of T cell–APC conjugates in order to resolve dynamic 
microcluster localization to the IS (13). Importantly, this system allows vertical cell orientation, 
placing the IS within the horizontal X,Y plane for high resolution imaging experiments (14). 
This system suffers however from extremely low throughput due to the manual intricacies 
needed for cell capture and alignment, which is carried out in single cell conjugates. A further 
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limitation of this method arises from cellular phototoxicity complications, resulting from 
prolonged cellular exposure to the trap beam.  
Similarly, supported lipid bilayers formed on glass surfaces offer a useful model system in which 
to explore some basic features of molecular interactions in the IS. The continuous fluid lipid 
bilayer forms from the spontaneous self-assembly of liposomes or proteoliposomes on clean 
glass surfaces, and imitates the phospholipid bilayer of the APC membrane (15). Membrane 
proteins can subsequently be inserted into the bilayer and undergo the free lateral mobility that is 
inherent to native cell membrane proteins (16-18). Additionally, the well-defined planar interface 
facilitates high resolution imaging, particularly by total internal reflection fluorescence 
microscopy (TIRFM) (19). Although useful in an imaging context, supported bilayers can only 
provide a limited understanding of the supramolecular clustering that occurs during IS formation. 
This is partly due to the oversimplification of the APC membrane provided by this system as 
well as an absence of the dynamic forces generated at the IS by the APC. 
Recently, Maus et al have described an aAPC system derived from the chronic myelogenous 
leukemia line K562 and transduced to express an array of T cell stimulatory ligands (20). K562 
cells do not naturally express MHC or T-costimulatory ligands, yet do retain many other 
attributes that make DCs such effective APCs, such as cytokine production, expression of the 
adhesion molecules ICAM and LFA-1 that enhance T cell—APC interactions, and 
macropinocytosis. These cells can readily be transduced with a library of lentiviral vectors for 
the customized expression of stimulatory and costimulatory molecules that can be used to 
activate and expand different subsets of T cells. 




Fig. 4.1: Imaging the immunological synapse. (A,B) Lateral orientation of the T cell—aAPC interface 
prevents detailed analysis of microcluster dynamics. Green = Jurkat T	cell, Blue = anti‐CD3ɛ, bar = 10 
μm. (C) Ideal plane of imaging to study the dynamic rearrangement of microclusters at the synapse in a 




Here we detail a novel system describing the fabrication of micropit arrays designed to sequester 
a single T cell—APC conjugate and promote immunological synapse formation in the horizontal 
imaging plane for high resolution study of TCR microcluster dynamics (Fig. 4.1C). We use 
K562-based artificial APCs (aAPCs) which expressed multiple gene inserts, including human 
lymphocyte antigen (HLA)-A2, CD64 (the high affinity Fc receptor) CD80, CD83, CD86, 
CD137L (4-1BBL) and CD252 (Ox40L), and have proved to be more efficient at activating and 
expanding CD8+ and CD4+ cells than the magnetic bead-based aAPC (21). aAPCs were loaded 
with a fluorescently tagged anti-CD3 marker and T-lymphocytes are subsequently loaded onto 
the sequestered aAPC cells to study the dynamics of microcluster genesis and the recruitment of 
the TCR to the IS. The system successfully isolated and allowed large-scale analysis of the 
immunological interface in thousands of T cell–aAPC conjugates, facilitating both fixed and 
live-cell-cell imaging. 
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4.3 Materials and Methods 
Micropit fabrication 
Mold masters for pits were made by etching silicon wafers patterned with photoresist. The SPR 
220-3 photoresist (Shipley, MA) was spin coated to a thickness of 3 μm and patterned with an i-
line stepper. The resist was than used as an etch mask in a Bosch etch UNIAXIS 770 reactive ion 
plasma etcher tool. The silicon was etched to a depth of 40 μm to form pillars. The residual resist 
was removed using an oxygen plasma. Master pillar substrates were placed at 20 Torr in a 
vacuum chamber (Nalgene, NJ) with 200 μl of 2-[Methoxy (polyethyleneoxy) propyl] 
trimethoxysilane (Gelest, PA) for 12 hours, to form an anti-adhesive coating. Microscope 
coverglasses (Corning, NJ) (22 mm, No. 1.5) were cleaned for 12 hours in a 1% v/v solution of 
the deterent MICRO-90 (International Products, NJ), rinsed in ROH2O and blown dry in a 
stream of filtered nitrogen. Sylgard 184 Polydimethylsiloxane (PDMS) (Dow Corning, MI) was 
mixed with the supplied accelerating agent at a ratio of 1:10 for 5 minutes and degassed under 
vacuum for 10 minutes at 20 Torr. 0.5 ml of PDMS was applied to the microscope coverglasses 
and spin-coated for 45 seconds at 2000 revolutions per minute (rpm) and 400 rpm/s to form a 
uniform film. PDMS coated coverglasses were applied to the master pillar substrates at 50 N on 
a hotplate, which was ramped to 215°C over 1 minute. Substrates were cured for 5 minutes, then 
allowed to cool and separated from the master molds. 
Experimental substrates were sealed with vacuum grease onto aluminum microscopy slides, 
which were fabricated with a central square-cut viewing window. Substrates were covered with 1 
ml of serum free RPMI 1640 medium and placed within an evacuation chamber for 5 minutes at 
20 Torr to remove any residual air trapped within the individual pits. For a schematic 
representation of micropit substrate fabrication see figure 4.2. 





Fig. 4.2: The fabrication regime for micropit substrates. (A) An array of circles is written in a resist layer 
via photolithography. (B) The pattern is developed and etched via RIE, forming a master mold in silicon. 
(C) The mold is used to transfer an array of pits into a PDMS coated coverglass. (D) Experimental 
micropit substrates. (E) aAPCs and T	cells are individually loaded into the pits forming cell conjugates. 
 
 
Cell culture and labeling 
The K562 erythromyeloid cell line was used as a cellular scaffold and was engineered to stably 
express CD64, the human high affinity Fc-γ type I receptor, the CD28 ligand CD80 and 4-1BB 
ligand, for more information see (20). The Jurkat subclone E6.1, originally derived from a CD4+ 
T lymphocyte leukemia cell line was generously provided by Prof. Michael Dustin, NYU. Both 
cell lines were maintained in suspension in RPMI 1640 Medium (Gibco, CA) supplemented with 
10% FCS and 0.3 g/L L-glutamine in a 5% CO2 atmosphere at 37°C. Cell medium was replaced 
every two days. Prior to substrate loading, Jurkat E6.1 cells were pulsed with Fluo-4 direct 
calcium detection label (Invitrogen, CA), according to manufacturer’s instructions. Briefly, 10 
ml of a cell suspension was centrifuged at 1500 rpm and 9 ml of the medium was removed. Cell 
pellets were subsequently re-suspended in a further 1 ml of Fluo-4 to yield a final cell density of 
5 x 106 cells per ml. Cells were incubated at 37°C for 1 hour then the PBS and Fluo-4 dye was 
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removed as previously described and the cell pellet re-suspended in serum free RPMI 1640 
medium. 
The therapeutic monoclonal antibody OKT3 (22) was combined with Cy3 dye 1:10 (m/m), and 
dialyzed overnight at 4C. The aAPCs were seeded onto to the micropit array substrates at a 
density of 2 × 106 in 1 ml of serum-free RPMI 1640 medium. Cells are allowed to settle for 30 
mins at 37°C before substrates are rinsed three times in PBS to remove non-sequestered cells, as 
described in (23). Sequestered cells were then pulsed with the OKT3 antibody at a concentration 
of 1ug/ml in PBS for 10 minutes at room temperature, followed by rinsing in PBS for 3 × 1 
minutes. Fluo-4 labeled Jurkat E6.1 cells at a density of 5 x 105 per ml in serum-free RPMI 1640 
were pipetted onto the micropit arrays, which contained entrapped aAPCs and allowed to settle 
for 5 minutes. Cells were rinsed for 1 min in PBS (pH 7.4) then stabilized in 4% 
paraformaldehyde with 1% sucrose in PBS for 5 min and rinsed three times for 2 min in PBS to 
remove unreacted aldehyde. Substrates were wetmounted to a second coverglass and viewed. For 
live cell imaging the standard RPMI 1640 medium was placed with phenol red-free CO2 
independent media (Gibco, CA). 
 
Scanning confocal microscopy 
Cell-substrate and cell-cell interaction were examined by scanning confocal microscopy on a 
stage maintained at 37°C (live cell imaging). Imaging was performed on an Olympus IX81 
confocal microscope fitted with a 100 × PLAN Apochromat objective having a numerical 
aperture of 1.4. Image stacks consisted of 8–15 planes spaced by 0.40 μm.  
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Scanning electron microscopy 
Cells were rinsed for 1 min in 0.1 M 1,4 piperazine bis(2-ethanosulfonic acid) (PIPES) buffer 
(pH 7.4) Cells were then stabilized in 4% paraformaldehyde with 1% sucrose in 0.1 M PIPES 
(pH 7.4) buffer for 5 min and rinsed three times for 2 min in 0.1 M PIPES buffer. Samples were 
fixed permanently in 2.5% glutaraldehyde for 5 min in PIPES buffer and rinsed three times for 2 
min in PIPES buffer. Additional contrasting of the cell was accomplished by staining the cells 
with 1% osmium tetroxide in PIPES for 1 h at 22°C. 
Cell samples were dehydrated through an ethanol/water series (50, 60, 70, 80, 90, 96 and 100%) 
for 5 minutes, followed by an acetone/ethanol series (25, 50, 75 and 100%). The samples were 
dehydrated in C02 with a critical point dryer aparatus for 1.5 hours, and mounted on aluminium 
stubs. Substrate and biological samples were sputter coated with a 12 nm layer of Au at 10 mA 
using a Cressington 108 sputter coater. Samples (both with and without cells) were imaged using 
an Hitachi S-4700 field emission scanning electron microscope (FESEM) fitted with an Autrata 
yttrium aluminum garnet (YAG) backscattered electron (BSE) scintillator type detector. The 
images were taken in secondary electron (SE) mode, with accelerating voltages between 2 and 
20 kV. Images were taken with an emission current of 20 μA, an aperture of 100 μm (apt1), and 
working distances of 10–12 mm. 
 
Image analysis 
The time series started 5 min after adding T cells to the sequestered aAPC (24). Cells were fixed 
at 5, 10, 15, 20, 30, 40, 50 & 60 mins following conjugation. The images were analyzed using 
Fluoview (Olympus) and ImageJ (NIH). Due to the curved nature of the cell-cell interface, 
acquired stacks consisting of 5-10 confocal planes were rendered using STD image intensity to 
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produce a single image, effectively transforming the curved cell interface into a planar surface. 
TCR cluster area and frequency were analyzed in cells from three separate experiments (20 cells) 
using Image J (National Institutes of Health). The TCR cSMAC was identified in cell conjugates 
as being the cluster with the greatest area in a single group when greater than 3 μm2. 
 
4.4 Results 
Master substrate fabrication and imprint fidelity 
In order to sequester single aAPCs and analyze the IS in a horizontal imaging plane, we 
fabricated micropit substrates onto microscope coverglass via a micro-pillar master mold. Master 
pillar substrates contained square arrays of vertically aligned cylindrical pillars which were 
verified by SEM to be approx. 40 μm in depth by cross-sectional analysis and to possessed 
defined widths of 15-23 μm (Fig 4.3A). PDMS Micropit substrates possessed good imprint 
fidelity from the master substrates. Micropits also measured approx. 40 μm in depth and 
possessed defined widths of 15-23 μm. A residual 10 μm thick layer of PDMS was observable at 
the base of the pits (Fig 4.3B). 
 
 
Fig. 4.3: Master substrates fabrication and transfer fidelity. (A) Micropillar master substrates possessed a 
uniform distribution of pillars arranged in a square conformation. Pillars were measured to be 40 μm high 
and possessed defined widths of 15-23 μm. (B) Imprinting of the pillar substrates resulted in the 
formation of patterned pit arrays as defined by the master substrate pillar dimensions. Micropit substrates 
were fabricated on coverglass laminated with a 50 μm deep spin‐coated film of PDMS. 
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Sequestering of aAPC into micropit substrates 
Scanning laser confocal and DIC microscopy revealed viable cells became localized within the 
pit following 30 minutes post cell seeding (Fig 4.4A-B). The aAPCs were readily washed away 
from the hydrophobic PDMS interpit surface, ensuring cell conjugation occurred exclusively 
within the pit system. Incubation periods greater than 30 minutes however resulted in increased 
aAPC adhesion to the planar interpit substrate (data not shown). Varying the pit diameter 
influence the density of occupied pits (Fig 4.4C), yet a diameter of > 20 μm introduced an 
unacceptable increase in peri-cell area, resulting in increased cell mobility within the pits. 
Substrates > 23 μm in diameter were unable to retain cells during rinsing protocols. For this 
reason the 20 μm wide pit substrate was identified as ideal for the application of aAPC trapping, 
and were employed for the subsequent imaging experiments. 
 
 
Fig. 4.4: Micropit loading with artificial antigen presenting cells. (A,B) K562 cells were introduced to the 
micropit substrates and allowed to settle by gravity for 30 min. Non-sequestered cells were then removed 
by washing. Bar = 100 µm. (C) The number of sequestered aAPCs was a function of pit diameter. PDMS 
pits with a diameter >20 µm introduced increased peri-pit area to the system, evident in 23 µm diameter 
pits which failed to retain sequestered cells following substrate washing. (D) Initial T cell conjugation to 
aAPCs was associated with a flux in intracellular calcium levels. Mean fluorescence intensity was 
increased by approximately a factor of 3 in conjugated T cells (line with filled circles) relative to non-
conjugated cells (continuous line). Results are ±s.d. 
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T cell activation 
In order to assess the efficiency of T cell activation by OKT3-loaded aAPCs, the intensity of 
calcium flux was measured in both conjugated and unconjugated T cells via a fluorescent 
indicator (Fig 4.4D). Calcium levels were observed to peak rapidly in T cells following cell 
conjugation, but were observed to undergo random fluctuation. This rapid influx of calcium was 
observed to decline over 1 hour, yet fluorescence intensity still remained above that of 
unconjugated cells. 
 
Cell conjugate formation and microcluster analysis 
T cells formed stable and long lasting conjugates with pit-sequestered aAPCs, facilitating long-
term imaging experiments of the immunological synapse (Fig. 4.5A). The engagement of TCR 
by the aAPC bound OKT3 induced microcluster formation and coalescence, resulting in the 
formation of a clearly defined cSMAC following 1 hour of culture (Fig. 4.5B). 
Anti-CD3ɛ/TCR microclusters became recruited to the T cell–aAPC interface 5 minutes post-
conjugation. Both total, and cSMAC associated anti-CD3ɛ cluster area increased in a nonlinear 
manner, producing a cSMAC approximately 20 μm2 in area 1 hour post conjugation. The 
proportion of engaged TCR localized at a continuous cSMAC was observed to increase 
following cellular conjugation, with a maximum cSMAC area occurring after 50 minutes. 
However only approx. 43% of total anti-CD3ɛ bound TCR was associated with a well-defined 
cSMAC, the majority being localized to the pSMAC region (Fig 4.5C). Microcluster frequency 
was observed to increase following initial cell conjugation and reached a maximum after 15 
minutes. Here mean microcluster frequency was 14.1 clusters per cell. Microcluster frequency 
declined with time, as single microclusters aggregated and coalesced towards the cSMAC (Fig 
4.5D). 




Fig. 4.5: Analysis of CD3/TCR microcluster recruitment during cSMAC genesis. (A) DIC and (B) the 
corresponding confocal laser scanning confocal image of cellular conjugation in microfabricated pits. 
Vertical “stacking” of aAPCs and T	cells facilitated microcluster analysis and cSMAC imaging within the 
horizontal imaging plane. Red outline = underlying K562 cell, green = Jurkat T cell, orange= anti‐CD3ɛ, 
bar = 10 μm. (C) Both total and cSMAC associated TCR cluster area dynamically increased at the 
immunological interface following cell conjugation. TCR microclusters became enriched at the 
immunological interface 15 min post-conjugation, forming a central cSMAC at t=30 min. Following 1 
hour the mean diameter of the cSMAC had increased to approx. 20 μm2. (D) TCR microclusters increase 
in frequency as post initial conjugation approaches t=15 min. Microclusters begin to coalesce following 
15 min to form larger, less numerous TCR aggregations. 
 
 
Imaging the dynamics of cSMAC coalescence 
In order to determine the dynamics of TCR clustering in T cell– aAPC conjugates, we conducted 
imaging experiment of the cSMAC in a live cell system (Fig 4.6). Live-cell imaging revealed the 
dynamic translocation of punctuate anti-CD3ɛ/TCR microclusters, which were visible following 
5 minute of cellular conjugation. Microclusters were observed to coalesce centripetally and form 
a discontinuous central microcluster aggregation or cSMAC, however punctuate TCR 
microclusters persisted throughout the IS. Following 40 minutes of cell conjugation the cSMAC 
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coalesced into a complex geometry, consisting of a lattice of dense TCR clusters interspaced 
with regular TCR voids. This structure was observed to persist 60 minutes post cell conjugation. 
 
 
Fig. 4.6: The dynamics of TCR microcluster recruitment during cSMAC genesis. Representative time-
lapse series of microcluster dynamics. TCR microclusters are actively recruited to the immunological 
interface before coalescing into a central cSMAC. The terminally formed cSMAC is marked by punctuate 
microdomains and regions of TCR void. Numerical values represent total minutes post initial cellular 
conjugation. Bar = 10 µm. (A,B) Microclusters become less diffuse and less frequent at the cell periphery 
as time increases. Microclusters form a central high-signal cSMAC aggregation as measured by mean 
fluorescence intensity.  
 
 
The aAPC extension complex 
Following the visualization of a cSMAC lattice we investigated the structure of the cell-cell 
interface of T cells–aAPCs with SEM. Elongated cellular processes were observed to extend 
from the aAPC at the intercellular interface to form an extension complex (EC) (Fig. 4.7A-C). 
This extension network was correlated to the loosely arranged cSMAC lattice structure 
previously observed with confocal imaging, a structure which we termed the cSMAC EC (Fig 
4.7D-E). 




Fig. 4.7: A pSMAC podosomal ring circumscribes the cSMAC by the aAPC. (A) Rendering a confocal 
Z-stack revealed the recruitment of actin to the IS. Green, actin; yellow, colocalization of TCR and actin. 
(B) SEM imaging of the cell–cell interface revealed this actin recruitment to be associated with the 
formation of a complex of podosome extensions at the IS. (C,D) Podosomes form a ring-like structure 
that circumscribes the IS at the pSMAC as identified by SEM and confocal imaging, respectively. Red = 
TCR; green = actin. Bar = 10 µm. (E) Pearson's coefficient was used to analyze the colocalization of actin 
to TCR microclusters. Pearson's coefficient was then plotted as the function of dx (pixel shift) to obtain a 




In this paper we describe a novel high throughput method for the high-resolution analysis of 
microcluster dynamics and IS formation in an T cell—aAPC co-culture system. The IS as a 
concept has evolved from a static model of the junction between T cells and their antigen-
presenting partners, to a dynamic signaling site of receptor and costimulatory molecules. The 
exact mechanisms of microcluster dynamics are still not yet resolved, however the entire process 
of IS formation and degradation is now known to entail a dynamic reorganization of membrane 
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domains and clustered proteins within and adjacent to those domains, as corroborated by this 
study. 
A number of therapeutic strategies have been shown to modulate T cell activation by targeting 
TCR signaling, in particular the anti-human CD3ɛ mAbs are widely used clinically in 
immunosuppressive regimes as immunosuppressive agents following organ transplantation (25, 
26). In this study the CD3-specific mouse mAb OKT3 was employed as both an activator of 
TCR signaling and an immunofluorescent marker of TCR clustering. Although the mode of 
action of OKT3 involves multiple mechanisms, its activity depends on the specific interaction 
with the CD3ε component of the TCR complex (27). Here we observed the OKT3 antibody to 
bind preferentially to aAPC extensions, indicating a high density of surface Fc-γ type 1 receptors 
at these structures. 
Here we used fabricated micropits to align and image the dynamic rearrangement of the anti-
CD3ɛ/TCR complex at the T cell—aAPC interface. aAPC extensions coalesced into a cSMAC 
associated extension complex (EC), thought to occur through anti-CD3ɛ dragging by the 
centripetal streaming of TCR molecules as observed on planar lipid bilayers. Although the role 
of the EC in T cell activation is yet to be defined, the presence of cellular extensions at the IS 
have been noted in a previous study by Williams et al. Interestingly, these elongated 
membranous structures were shown to be involved with the transfer of surface receptors across 
the IS (28). In our study we noted the aAPC extensions formed peripheral contacts at the T cell 
membrane, identifiable as punctuate TCR microclusters. These microclusters formed a dense EC 
at the cSMAC following a conjugation duration of 40 minutes. It is not clear whether the 
multifocal microclusters formed from the aAPC extension are due to resistance of the aAPC 
cytoskeleton to convergent movement by the T cell cytoskeleton, or specialized structures 
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designed to regulate microcluster dynamics. However, the idea that the aAPC cytoskeleton plays 
an important role in the generation of the IS is consistent with observations that the dendritic cell 
cytoskeleton contributes to T cell activation (24, 29). 
Interestingly, the role of APC mechanics and forces in the modulation of microcluster dynamics 
and T cell activation are absent in the most highly studied models for IS formation. B cell APCs 
and the planar bilayer system have both identified the rearrangement of surface receptors on the 
APC as a passive event (24, 30), however studies are emerging on the importance of mechanical 
forces in IS formation, particularly in dendritic cell (DC) mediated T cell activation. Here, the 
K562 aAPC, being of myeloid origin may share homologies with DC’s, also of myeloid lineage 
(31). It is tempting to suggest that costimulation of T cell activation through surface receptor 
signaling and the transfer of external forces to the IS through contractile APC extensions may 
mediate T cell activation. Several candidates molecules are currently being investigated as 
mediators of mechanotransduction at the IS, however one recent study indicates that 
mechanotransduction in T cells is mediated through the TCR in a Src kinase-dependent manner 
(32), a model that allows for the modulation of cell activation by APC mediated forces. 
In APC engaged T cells it is thought that sustained TCR signaling is mediated through the 
continued formation of new TCR microclusters at the periphery of the IS (33, 34). According to 
this model, TCR microclusters signal as they migrate through the pSMAC but cease signaling 
activity and are targeted for down-regulation upon accumulation at the cSMAC. It can be 
hypothesized that the disruption to the free diffusion of TCR/MHC complexes within the cell 
membranes, as induced by APC extension formation, may perturb TCR microcluster flow and 
subsequent deactivation at the cSMAC, indeed data acquired in this study suggests that TCR 
migration velocity may be significantly reduced relative to T cells cultured on planar bilayers or 
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conjugated to antigen presenting B cells. This detail may provide an insight into how APCs may 
regulate TCR signaling and T cell activation by modulating cluster deactivation. Additional 
experiments to address the specific role of TCR signaling, ligand binding, and the role of 
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Immunological synapse formation begins with stimulation of the T cell receptor (TCR). TCR 
microclusters are assembled and transported to the center of the immunological synapse in an 
actin polymerization dependent process. However, the physical link between TCR and actin 
remains elusive. Here we show that lymphocyte-specific Crk-associated substrate (Cas-L), a 
member of a force sensing protein family, is required for transport of TCR microclusters and for 
establishing synapse stability. We found that Cas-L is phosphorylated at TCR microclusters in an 
actin polymerization-dependent fashion. Furthermore, Cas-L participates in a positive feedback 
loop leading to amplification of Ca2+ signaling, inside-out integrin activation, and actomyosin 
contraction. We propose a new role for Cas-L in T cell activation as a mechanical transducer 
linking TCR microclusters to the underlying actin network and coordinating multiple actin 
dependent structures in the immunological synapse. Our studies highlight the importance of 










Most adaptive immune responses require activation of T cells (1-3). The process of T cell 
activation involves a multi-step mechanism that begins with weak adhesion and stimulation of 
the T cell receptor (TCR) leading to adhesion strengthening and formation of a highly organized 
immunological synapse (4-7). Spatial organization of the immunological synapse requires f-actin 
(8-10), myosin IIA (11-13), microtubules and dynein (14), and the endosomal sorting complexes 
required for transport (15). There is growing evidence supporting a physical link between TCR 
microclusters and the actin cytoskeleton, but this most fundamental connection is the most 
poorly understood (16-18, 92). TCR and integrin adhesion molecules organize actin 
polymerization (19-21) that drives transport of distinct TCR and integrin microclusters toward 
the center of the synapse (22-25).  This can be modeled as a “frictional” process as the bulk flow 
of f-actin is faster than the movement of microclusters, but the molecular basis of the friction-
like effect is not known. Furthermore, the TCR and integrins have been implicated in 
mechanotransduction at the immunological synapse (26-29), but how the TCR participates in 
mechanotransduction remains unknown.  
The temporal and spatial localization of signaling proteins at the immunological synapse 
correlates with T cell activation. Proper assembly and localization of signaling complexes is 
often mediated by scaffold proteins (30). These multidomain adaptors have several binding 
partners, and by bringing them into close proximity they facilitate protein-protein interactions 
and signal propagation. Although many scaffold proteins are essential for T cell activation, how 
they become activated and how they regulate T cell signals is largely unknown. We recently 
described a model for actin-dependent stretch of the mechanosensing protein p130 Crk-
associated substrate (p130Cas) (31) used by cells in sensing their physical environment, in 
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integrin adhesions, and during migration (32-35). p130Cas belongs to a family of adaptor 
proteins that share a flexible Cas substrate domain that unfolds in response to force exposing Src 
family kinase phosphorylation sites (36). The Cas family member most abundant in T cells is 
Cas-L (also called Hef1 and NEDD9) (37, 38). Cas-L contains a central substrate domain with 
13 tyrosine residue motif repeats (YxxP), flanked by an N-terminal SH3 domain, and a C-
terminal Src-family kinase-binding domain with consensus binding sites YDYVHL and 
RPLPSPP, for SH2 and SH3 domains, respectively. Although Cas-L does not have any 
enzymatic activity, it has been implicated in a diverse set of physiological and pathological 
contexts in different cell types (39-45). This functional versatility underscores the importance of 
Cas-L in mediating receptor-proximal interactions and propagating local stimulatory signals that 
lead to global changes in cell behavior (30, 46). 
Seo and colleagues (47) observed that Cas-L-/- mice have a decreased number of lymphocytes in 
peripheral lymphoid organs, a thin marginal zone, an impaired TCR-induced response to 
immunization with a specific peptide, and perturbed integrin-mediated adhesion in comparison to 
wild type mice. Previous studies reported that following TCR and integrin stimulation the Cas-L 
substrate domain tyrosine motifs are transiently phosphorylated (48-50). Phospho-Cas-L recruits 
the adaptor protein Crk-L that is constitutively associated with the guanine exchange factor C3G, 
which in turn is involved in the activation of the integrin regulating Rap1 GTPase (51-54). 
Furthermore, mutational analyses suggest that the substrate domain of Cas-L is required for 
migration in response to TCR and integrin stimulation (55). However, the mechanisms leading to 
assembly of the ternary complex CasL-CrkL-C3G are unknown and whether Cas-L regulates T-
cell activation is unclear. 
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To study T cell activation in the context of the immunological synapse, a system widely used is 
based on glass supported planar lipid bilayers that mimic the surface of an antigen-presenting 
cell (5, 56). Using bilayers, we (11, 13) and others (12) recently reported that Myosin IIa 
contractility at the immunological synapse is involved in the transport of TCR microclusters, and 
in sustaining Src-family kinase signals, Ca2+ flux, and interleukin-2 (IL-2) secretion. 
Interestingly, both RNAi depletion and pharmacological inhibition of Myosin IIa activity 
reduced phosphorylation of Cas-L at the immunological synapse (12, 13). However, it remains 
unknown if Cas-L plays a role in the formation of the immunological synapse and how Cas-L 
integrates initial TCR stimulation events with integrin activation and actomyosin contractility. 
The interplay between TCR and integrin signaling is complex and it is unclear how it translates 
into actin polymerization dynamics. A widely established paradigm for integrin signaling studies 
in T cells is the lymphocyte function activation 1 (LFA-1), an alpha-L/beta-2 integrin that is 
critical for immunological synapse formation, and T cell adhesion and activation (57). TCR 
stimulation leads to inside-out activation of LFA-1 (58), which undergoes a conformational 
change into a higher affinity state to bind its ligand ICAM-1 (intracellular adhesion molecule 1) 
(59). Interestingly, the strength of the LFA-1/ICAM-1 interaction is regulated by a mechanical 
feedback loop (60), but the mechanical link between TCR and LFA-1 remains unknown. 
However, it is known that activation of Rap1 is critical for LFA-1-mediated T cell adhesion (61, 
62), indicating that actin and other actin-associated factors might provide a mechanical 
connection between TCR and LFA-1.  
Among the vast number of molecules that regulate actin polymerization in T cells is the Wiskott-
Aldrich Syndrome protein (WASp) (63). WASp is a multidomain scaffold protein containing 
binding sites for actin and the Arp2/3 complex, which is an actin nucleation factor responsible 
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for branching of actin filaments (64). WASp is recruited to TCR microclusters (65, 66) and can 
become activated via several pathways (63). Activated WASp then recruits Arp2/3 complex and 
initiates actin polymerization. Furthermore, WASp-/- T cells have selective defects in 
proliferation and IL-2 production (67-69). Interestingly, we previously reported that WASp 
favors stability of the immunological synapse (70), and treatment of WASp-/- T cells with an 
inhibitor of protein kinase C theta (PKC) restored immunological synapse stability, suggesting 
opposing effects for the activity of those two proteins at the immunological synapse.  
Here, we wished to determine whether Cas-L plays a role in T cell activation in the context of 
the immunological synapse using T cells from Cas-L deficient (Cas-L-/-) mice (47). We report a 
role for actin polymerization in Cas-L activation at the immunological synapse. In analogy to 
p130Cas, we hypothesized that a mechanical feedback loop between TCR-mediated Cas-L 
activation and actin polymerization might regulate the processes of adhesion, migration, and 
activation of T cells.  
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5.3 Materials and Methods 
 
Cells and culture conditions 
Cas-L-/- mice on the C57BL6 background (47) were maintained in a specific pathogen free 
facility at MSSM under the supervision of the institutional animal care and use committee. Naïve 
CD8+ T cells were isolated from the spleens of Cas-L-/- mice and their wild type littermates using 
the Dynal negative isolation (Invitrogen) following the manufacturer’s protocol. Briefly, 
splenocytes were incubated with a mixture of antibodies against the CD8-negative T cells, and 
then incubated with superparamagnetic polystyrene beads coated with a polyclonal sheep anti-rat 
IgG antibody. Then, the bead-bound cells were separated by a magnet, and the remaining 
untouched CD8+ T cells were used for the experiments described here. 
All experiments were performed in primary murine lymphocytes from the spleen, freshly 
isolated from mice about the same age (3-5 weeks), and enriched for CD8+ T cells using a 
standard negative selection procedure, yielding a population purity of 95%-97%, as measured by 
flow cytometer analyses (data not shown). Resting T cell populations comprised a mixture of 
naïve, memory, and effector T cells, as measured by the levels of CD62Lhigh/low, and CD127+/- 
(data not shown).  
Cell culture medium was RPMI 1640 (Sigma or GIBCO, NY) with 10% heat-inactivated fetal 
calf serum (FCS; Life Technologies GIBCO, NY). Heat-inactivated FCS: Heat at 56 ˚C for 30 
min and store at less than 20 ˚C. Cells were kept on a 37 ˚C, 5% CO2 humidified incubator. 
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Glass-supported lipid bilayer assembly 
To recreate early events at the immunological synapse between a T cell with an antigen-
presenting cell in real-time we prepared planar lipid bilayers embedded with fluorescently 
labeled ligands to engage key T cell surface receptors: 2C11 mAb against TCR/CD3ɛ, and 
ICAM-1, a ligand for LFA-1, each at 35 molecules/µm2 and 150 molecules/µm2, respectively. 
Planar lipid bilayers provide a valid model for studying immunological synapse formation 
dynamics by high resolution microscopy, faithfully reconstituting the supramolecular 
organization of the T cell—APC interface previously described (5, 56). The bilayer-presented 
TCR and LFA-1 ligands can move freely throughout the plane of the bilayers, and we labeled 
them with different fluophores to allow high-resolution spatio-temporal characterization of 
immunological synapse formation. To validate the quality of the bilayers, we tested the lateral 
mobility of the ligands by recording their fluorescence recovery after photobleaching (FRAP) 
kinetics before seeding cells. In all experiments, we use fresh primary CD8+ T cells purified by 
negative selection from spleen of Cas-L-/- mice or their wild type littermates.  
Supported planar bilayers were assembled in parallel plate flow cells (Bioptechs or Ibidi) from 
unilamellar vesicles containing 12% mol% 1,2-dioleoyl-sn-glycero-3-[(N-(5-amino-1-
carboxypentyl)-iminodiacetic acid)-succinyl] (nickel salt), 0.01 mol% 1,2-dioleoyl-sn-glycero-3-
phosphoethanolamine-N-(capbiotinyl), and 87.99% mol% 1-oleoyl-2-palmitoyl-
phosphatidylcholine  (Avanti Polar Lipids).   Bilayers were loaded with monobiotinylated-564-
2C11 mouse antibody prepared as described (71).  Non-specific binding was reduced by 
blocking with 5% casein in PBS. Cells were allowed to settle and form contacts with the bilayer 
during imaging. The estimate of the number of molecules of ICAM-1 on the bilayers was 
performed on an independent assay using bilayers on glass beads as described elsewhere (56). 




TIRF imaging was carried out using a Nikon Eclipse Ti with 60X N.A. 1.49 objective and an 
Andor DU897 back illuminated EMCCD camera. Solid-state lasers (Coherent) provided 
illumination at 488, 561 and 641 nm and narrow pass filters (Chroma Technology) were used for 
detection. Illumination for Ca2+ imaging was provided by a 150 W Xe lamp and was performed 
by widefield on an Olympus IX70 with a Zeiss 40x 1.3NA Fluar objective, Ludl filter wheels 
and a Hamamatsu 12-bit C9100 1.1B charge-coupled device. Acquisition settings were 
maintained constant throughout each imaging procedure and between samples. Image analysis 
was performed with Metamorph and ImageJ. Briefly, to measure intensities, images were 
subtracted for background, then cells in the subtracted images were marked with ROIs, and the 
intensity values obtained from the ROIs were plotted as raw values in scatter plots, unless 
otherwise indicated. The graphs and statistical analyses were performed with Microsoft Excel 
and Graphpad Prism, and p-values were calculated using Student’s two-tailed unpaired T-test if 
the data were normally distributed, or Mann-Whitney if data were not normally distributed. 
Microcluster tracking was performed with Volocity 4.2 (Improvision).  Two tailed student’s t-
test was used for comparison between two groups. Data sets were tested for normal distribution 
using the Shapiro-Wilk test.  
 
Intracellular Ca2+ detection 
We tracked spreading cells by internal reflection microscopy (IRM) and used a Ca2+-specific 
fluorescent probe (Fluo4-AM, Molecular Probes F14217) to detect variations of Ca2+ levels with 
epifluorescence. The Fluo-4-AM Ca2+ dye was dissolved in DMSO at 5 mM (1000X) and 
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Pluronic (Molecular Probes P3000MP) was added at 50 mg/ml to aid the solubilization of the 
dye into aqueous buffers. Cells were pelleted by centrifuging at 200 × g (1,250 rpm) for 5 min at 
4˚C, and the pellet was resuspended in 1 ml HBS/1%HSA. The freshly made Fluo-
4/DMSO/Pluronic solution was added to the cell suspension to achieve a 5 µM final Fluo4-AM 
concentration, and incubated 30 min at room temperature, to allow efficient uptake and de-
esterification of the AM esters from the dye. Finally, cells were washed with PBS, pelleted, and 
to be sure we visualized Ca2+ released from intracellular stores, and not influx of Ca2+ into the 
cell from the extracellular medium, we imaged the cells in Ca2+-free culture medium 
(HBS/1%HSA). As a measurement of the relative changes in free intracellular Ca2+, raw values 
of total fluorescence intensity were background corrected and normalized to the maximum 
readout intensity detected in each cell after addition to the medium of ionomycin (1 µM), an 
ionophore that transports Ca2+ across membranes bypassing a TCR-mediated signal. The 
acquisition rate was 16 frames/min for the long-term acquisition. 
 
Pharmacological perturbations 
The Src-family kinase inhibitor PP2 (72) was added to 1x106 cells in 100 µl at a final 
concentration of 10 µM, incubated for 15 min at 37 ˚C, and added to the bilayers. Treatments 
with Lck inhibitor (10 µM; (73)), Lck and Syk-family inhibitor Piceatannol (10 µM; (74)), 
protein kinase C theta inhibitor C20 (10 µM or 33 µM; (70)), Arp2/3 inhibitor CK666 (10 µM), 
and actin polymerization inhibitor cytochalasin D (60 nM or 200 nM) followed similar protocol 
described for PP2.  
 




After incubating cells for 3 min at 37 ˚C, cells were fixed with 2% para-formaldehyde, and 
permeabilized with 0.01% Triton-X in PBS for 2 min, followed by blocking with 5% casein for 
30 min. Primary antibody incubation was performed overnight at 4 ˚C, followed by fluorescently 
labeled secondary antibody incubation (with or without Phalloidin) for 1 hour at room 
temperature. Primary antibodies used: Cas-L (clone 2G9; Novus Biologicals #NB100-1699); 
phospho-Cas-L (Cell Signaling #4015); ZAP70 (clone 99F2; Cell Signaling #2705); phospho-
ZAP70 (Tyr319; Cell Signaling #2701). Fluorescently labeled secondary antibodies were 
obtained from Molecular Probes. 
 
Whole cell protein level measurements (Western PAGE) 
Cells (1x106 in 100 µl of RPMI 1640 complete medium) were incubated with drug for 15 min 
prior to seeding on anti-CD3ɛ/anti-CD28/ICAM-1-coated glass coverslip. After 5 min of 
interaction with the coverslip cells were lysed with RIPA buffer, supplemented with beta-
mercaptoethanol, boiled, and stored at -70 ˚C. Samples were run on a gradient (4%-20%) PAGE 
and blotted on a nitrocellulose membrane, blocked, incubated overnight with primary antibody, 
washed, incubated for 1h with horseradish peroxidase (HRP)-labelled secondary antibodies and 
visualized by chemiluminescence. 
  




Cas-L promotes TCR microcluster translocation 
In order to investigate a potential role for Cas-L in T cell activation we compared the 
accumulation of TCR microclusters and ICAM1 at the immunological synapse of Cas-L-/- T cells 
with control cells.  No Cas-L protein was detected in T cells from Cas-L-/- mice (Fig 5.1A).  We 
seeded cells on supported lipid bilayers embedded with laterally mobile fluorescently labeled 
anti-CD3ɛ and ICAM-1, fixed them after 15 min, imaged them, and plotted the average radial 
profile of intensities of TCR microclusters and ICAM-1 over the entire synapse of both cell types 
(Fig 5.1B-C). In control cells, ICAM-1 stays distributed in a pericentral ring at the synapse, but 
in contrast, ICAM-1 accumulation in Cas-L-/- cells was severely compromised and its pericentral 
ring organization was lost (Fig 5.1B blue channel, and Fig 5.1C blue lines). Further, in Cas-L-/- T 
cells, accumulation of TCR microclusters at the center of the synapse was significantly decreased 
compared to control cells (Fig 5.1B red channel, and Fig 5.1C red lines). Interestingly, a fraction 
of the TCR microclusters remained arrested at the synapse periphery in Cas-L-/- T cells (Fig 5.1B 
red channel). Thus, we asked whether the decreased accumulation of TCR microclusters at the 
immunological synapse of Cas-L-/- T cells was a consequence of deficient transport of TCR 
microclusters from the periphery to the center of the synapse. In control cells, TCR microclusters 
assembled at the periphery of the synapse within seconds of interaction with the bilayer and 
rapidly moved towards the center, accumulating in one sharply defined bright spot in the center 
of the synapse, (Fig 5.1D top panel; Supplementary Movie 1 top panel). In contrast, in Cas-L-/- T 
cells, movement of TCR microclusters towards the center of the synapse was impaired, and 
approximately 30% of TCR microclusters remained dispersed in the periphery and did not move 
to the center (Fig 5.1D bottom panel; Supplementary Movie 1 bottom panel). Importantly, in 
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Cas-L-/- T cells, TCR microclusters exhibited a lower speed of translocation (1.92±0.20 µm/min) 
and a lower mean square displacement (path length 1.78±0.16 µm) than in control cells, where 
microclusters moved at an average speed of 2.78±0.37 µm/min, with a path length of 2.82±0.38 
µm (Fig 5.1E). Furthermore, we tracked individual TCR microclusters, measured their 
fluorescence intensities and areas, and plotted the corresponding averages throughout the course 
of synapse formation (Fig 5.1F-G). Individual TCR microclusters from Cas-L-/- cells exhibited 
on average decreased intensity and area than TCR microclusters from control cells, suggesting 















Fig. 5.1: TCR microcluster movement is impaired in the absence of Cas-L. (A) Western blot of total cell 
lysates from CD8+ T cells isolated by negative selection from spleen of Cas-L-null (Cas-L-/-) mice, and 
from the control Cas-L heterozygous littermates (WT). A monoclonal antibody for Cas-L was used to 
assess the presence of Cas-L. (B) Cells were fixed in 2% paraformaldehyde 15 min after seeding, and 
images of synapses formed in both cell types were acquired in both channels. Red = TCR; blue = ICAM-
1; yellow = synapse outline. Scale bar = 2µm. (C) Radial profiles of TCR and ICAM-1 fluorescence 
intensities at the synapses of WT and Cas-L-/- cells (radial sweep averaged from at least 50 cells in each 
cell type). Solid and dashed lines represent WT and Cas-L-/- cells, respectively. Red = TCR, blue = 
ICAM-1. (D) Time-lapse images of TCR microcluster formation and translocation at the immunological 
synapse. Yellow arrowheads highlight individual TCR microcluster position at the synapse at different 
time points. Freshly isolated T cells from WT or Cas-L-/- mice were seeded on a bilayer embedded with 
fluorescently-labeled antibody to TCR and ICAM-1, and imaged in a TIRF microscope to follow 
immunological synapse formation. Simultaneous imaging of four different fields of the bilayer was 
performed with a 100X objective, with an acquisition rate of 13s between frames. Scale bar = 5µm. (E) 
Average speed of translocation of individual TCR microclusters during synapse formation. Mean ± 
standard error of the mean represent two independent experiments. At least five individual microclusters 
per cell were analyzed in at least three cells. One asterisk indicates p-value ≤ 0.05. (F) Change in mean 
fluorescence intensity of TCR microclusters during synapse formation in WT and Cas-L-/- cells (mean 
values of four cells from two independent experiments). (G) Change in area occupied by TCR 
microclusters at the synapse of WT and Cas-L-/- cells analyzed in D.   
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Activated Cas-L co-localizes with TCR microclusters at the periphery of the immunological 
synapse 
Since localization of TCR signaling proteins to the immunological synapse correlates with T cell 
activation, we examined if activation of Cas-L was spatially and temporally coupled to TCR 
microcluster assembly at the immunological synapse. To assess the level of activation of Cas-L 
we used an antibody that recognizes phosphorylated tyrosine motifs located in the substrate 
domain of Cas-L. We seeded cells on anti-CD3ɛ/ICAM-1-embbeded bilayers, fixed them after 2 
minutes, and stained them for phospho-Cas-L (Fig 5.2A). Interestingly, phospho-Cas-L co-
localized with nascent TCR microclusters at the periphery of newly-formed synapses (Fig. 5.2A 
yellow arrows on the bottom-right panel), indicating that Cas-L phosphorylation is spatially 
coupled to TCR microcluster assembly at an early stage of immunological synapse formation. 
We further pursued the relationship between phospho-Cas-L and TCR microclusters. It is known 
that TCR ligation leads to the recruitment and activation of Src-family kinase Lck, which in turn 
phosphorylates the immunoreceptor tyrosine-based activation motifs (ITAMs) located on the 
CD3 chains of the TCR complex (75). Then, the zeta-chain-associated protein kinase 70 kDa 
(ZAP70) binds to the doubly phosphorylated zeta-chain ITAMs, exposing phosphorylation sites 
on its kinase domain activation loop, which in turn are phosphorylated by Lck. Thus, the 
localization of ZAP70 at TCR microclusters and the phosphorylation status of ZAP70 correlate 
with TCR activation and Lck activity, respectively. To determine if our observations in Cas-L-/- 
T cells might be caused by different baseline levels of TCR activation, we compared the levels of 
ZAP70 localized to TCR microclusters in both cell types and detected no significant changes 
(data not shown). We also compared the baseline activation levels of the Src-family kinase Lck 
by probing for the phosphorylated form of ZAP70 (PY319) at TCR microclusters and detected 
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no differences between Cas-L-/- T cells and control cells (data not shown). Since the baseline 
levels of TCR activation and Lck activity were not altered in Cas-L-/- T cells compared to control 
cells, the defects observed in Cas-L-/- T cells were not due to differences in the TCR proximal 
tyrosine kinase cascade up to ZAP70 recruitment and activation. 
In order to understand how Cas-L becomes activated at TCR microclusters we treated T cells 
with a small molecule inhibitor of Src-family kinases PP2 (72). We found that the total levels of 
phospho-Cas-L at the immunological synapse were significantly decreased after PP2-treatment 
(Fig 5.2B). Importantly, Src-family kinase inhibition by PP2 led to a significant decrease in co-
localization of phospho-Cas-L and TCR microclusters (Fig 5.2B-C), suggesting that cell 
adhesion and Cas-L phosphorylation might be related. Noteworthy, treatment with a selective 
Lck inhibitor (73) led to a significantly greater decrease in mean intensity levels of phospho-Cas-
L than treatment with the selective ZAP70 inhibitor piceatannol (74), suggesting that Cas-L 
phosphorylation depends on Lck activity (Fig 5.2D-E). 
These results demonstrate that Cas-L is activated at TCR microclusters at the periphery of the 
immunological synapse by Lck that phosphorylates tyrosine residues in the Cas-L substrate 
domain immediately downstream of TCR stimulation. Thus, while Cas-L is dispensable for the 
assembly of TCR microclusters, it is required for the efficient transport of newly-formed TCR 
microclusters to the center of the immunological synapse. Since the centripetal transport of 
microclusters correlates with sustained TCR signaling (5, 8), these findings suggest that Cas-L 
might be required for T cell activation. 




Fig. 5.2: Phosphorylated Cas-L co-localizes with new TCR microclusters at the periphery of the 
immunological synapse. (A) TIRF images of synapses from mouse spleen CD8+ T cells fixed at 
2 minutes after seeding on bilayers embedded with fluorescently-labeled antibody to TCR (red) 
and ICAM-1 (blue), and stained with an antibody specific for phospho-tyrosine repeats in the 
substrate domain of Cas-L (pCasL, green). Yellow boxes are expanded on the right panel. 
Arrowheads highlight co-localization of TCR microclusters and phospho-Cas-L. Scale bar = 
2µm. (B) Cas-L phosphorylation at the synapse depends on Src-family kinase activity. Scale bar 
= 2µm. (C) Cas-L recruitment to TCR microclusters depends on Src-family kinases activity. Box 
plots display the median (central line), upper and lower quartiles (box), ± 1.5 x interquartile 
range (whiskers). One asterisk represents p-value ≤ 0.05; two asterisks represent p-value ≤ 0.005; 
three asterisks mean p-value ≤ 0.0005; data represents at least 30 cells from two independent 
experiments. Graphs display 30 cells from two experiments pooled into one graph. (D-E) Cas-L 
phosphorylation at the immunological synapse is significantly decreased after inhibition of Lck 
by treatment with piceatannol or an Lck selective inhibitor. Mean values ± standard error of the 
mean are representative of at least 30 cells (for each condition) from two independent 
experiments. Scale bar = 2µm. One asterisk indicates p-value ≤ 0.05; three asterisks p-value ≤ 
0.0005.  
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Ca2+ release from intracellular stores is impaired in Cas-L-/- T cells 
Since transport of TCR microclusters is required to sustain TCR signals, in particular Ca2+ 
signaling (6), we wanted to determine whether the defective TCR microcluster transport 
observed in Cas-L-/- T cells had an impact on Ca2+ signaling. To visualize changes in the 
concentration of free intracellular Ca2+, we loaded cells with the fluorescent Ca2+ probe Fluo-4 
according to the protocol described in the Materials and Methods section. We then seeded cells 
on anti-CD3ɛ/CD28/ICAM-1-coated coverslips and imaged Fluo-4 fluorescence intensity 
changes in real-time (Supplementary Movie 2). As shown in figure 5.3A and plotted in figure 
5.3B, when cells touched the antibody-coated coverslip they exhibited a sharp increase of Fluo-4 
fluorescence intensity corresponding to Ca2+ released from intracellular stores, reaching a 
maximum Fluo-4 fluorescence value of imax1, followed by a decrease of fluorescence intensity 
down to baseline level. We saw that Cas-L-/- cells exhibit a lower value of imax1 (first Ca2+ 
peak) than control cells, as quantified by the average ratio of imax1 to baseline level (Fig 5.3C). 
To see if this defect was due to a decrease in efficiency of Ca2+ release, we treated cells with 
ionomycin, an ionophore that transports Ca2+ across membranes bypassing the TCR-mediated 
signal, and measured the maximum Fluo-4 intensity induced by ionomycin treatment (imax2). 
Cas-L-/- cells exhibited approximately a 30% deficiency in Ca2+ release in response to TCR 
stimulation, relative to control cells (Fig 5.3D). To exclude that the defect in free Ca2+ release in 
Cas-L-/- T cells was due to a difference in the relative amounts of intracellular Ca2+ stores, we 
compared the values of imax2 in each cell type and we saw no significant difference (data not 
shown). Furthermore, ionomycin treatment halted Cas-L-/- T cell migration (Supplementary 
Movie 2 bottom panel). Together these observations indicate that the defect in Ca2+ release 
observed in Cas-L-/- T cells was due to a TCR-signaling defect. 
Chapter 5: Cas-L coordinates f-actin at the immunological synapse 
88 
 
To further confirm that Cas-L was involved in Ca2+ signaling, we seeded Cas-L-/- T cells and 
control cells on bilayers with anti-CD3ɛ and ICAM-1 and compared the levels of phosphorylated 
phospholipase C gamma 1 (PLC-1), a major component of the Ca2+ signaling pathway that 
localizes to TCR microclusters following TCR stimulation (76) (Fig 5.3E). The levels of 
phospho-PLC-1 at TCR microclusters were lower in Cas-L-/- T cells than in control cells (Fig 
5.3F), consistent with a role for Cas-L in Ca2+ signaling. Moreover, this defect was not due to 
differences in expression level of PLC-1, which were similar in both cell types as analyzed by 
flow cytometry (data not shown). 
We also compared the levels of IL-2 production between Cas-L-/- T cells and control cells 
cultured on anti-CD3ɛ/ICAM-1–coated glass chambers during the first 48 hours of stimulation. 
Samples of the culture medium of those cells were taken every 6 hours, and IL-2 concentration 
was measured by ELISA, revealing that there was no significant difference between IL-2 levels 












Fig. 5.3: Cas-L-/- T cells show impaired release of Ca2+ from intracellular stores. (A) Time-lapse images 
of T cells from WT or Cas-L-/- mice pre-incubated with Calcium ion fluorescent dye Fluo4, and seeded on 
glass coverslips coated with antibodies against TCR/CD28 and ICAM-1. Changes in free intracellular 
Ca2+ levels were captured in the 488nm channel (widefield, Fluo4 top panel), and images of the contact 
between a cell and the coverslip were visible through internal reflection microscopy (IRM bottom panel). 
Ionomycin was added to the medium at 20min (+Iono), and EGTA was added at 30min. The acquisition 
rate was 4s between frames. Scale bar = 5µm. (B) Changes in Ca2+ levels were plotted across time for at 
least ten individual cells of each cell type from two independent experiments. Fluorescence intensity 
values were normalized for each individual cell by dividing background-corrected intensity values by the 
absolute maximum intensity value measured after adding ionomycin (imax2). (C) Levels of free 
intracellular Ca2+ in Cas-L-/- cells can only rise up to 69% of their control WT counterparts. Normalized 
values for imax1/baseline are 5.4±0.5 in WT cells, and 3.7±0.3 in Cas-L-/- cells (p-value ≤ 0.05; error bars 
represent standard error of the mean from two independent experiments). (D) Levels of free intracellular 
Ca2+ in Cas-L-/- cells only rise up to 47% of their maximal potential (as measured by imax2), whereas in 
control WT cells Ca2+ levels peak at 87% of their maximal potential (p-value ≤ 0.005).  (E) PLC1 
phosphorylation (pPLC1, green) is reduced at the synapse of Cas-L-/- T cells fixed at 2 min after contact 
with bilayers. Scale bar = 5µm. (F) Co-localization of phospho-PLC1 with TCR microclusters is 
impaired in Cas-L-/- cells. Box plots display the median (central line), upper and lower quartiles (box), ± 
1.5 x interquartile range (whiskers). One asterisk means p-value ≤ 0.05, three asterisks mean p-value ≤ 
0.0005; data represents at least 30 cells from two independent experiments.  
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Cas-L regulates immunological synapse stability via integrin-mediated adhesion 
Seo and colleagues (47) observed that T cells from Cas-L-/- mice exhibit perturbed integrin-
mediated adhesion. Integrin-mediated adhesion, namely ICAM-1/LFA-1 ligation, is critical for 
immunological synapse formation and for T cell activation (58). We showed in figure 1C that 
recruitment of ICAM-1 to the immunological synapse was impaired in Cas-L-/- T cells, relative 
to control cells. Additionally we noticed that although the number of cells seeded on the bilayers 
was the same for both cell types (1x106 cells/ml), the population of Cas-L-/- T cells that adhered 
to the bilayers was significantly decreased in relation to control cells (results not shown). Thus, 
we wanted to determine whether Cas-L played a role in LFA-1-mediated T cell adhesion by 
imaging and comparing synapse stability in Cas-L-/- T cells and control cells seeded on bilayers 
with anti-CD3ɛ and ICAM-1. We saw that the population of T cells that adhered to the bilayers 
followed a bimodal distribution, whereby one fraction of the cell population formed stable 
persistent synapses that remained in the same initial position during the course of the experiment 
(15min), and another fraction was unstable, and polarized and migrated after contacting the 
bilayers (Fig 5.4A; Supplementary Movie 3). The majority of control cells formed stable 
synapses, whereas most Cas-L-/- T cells failed to form a stable synapse, quickly polarized, and 
migrated erratically (Fig 5.4B,C; Supplementary Movie 3). The migration speed of Cas-L-/- T 
cells (3.5±0.51 µm/min) was significantly lower than that of control cells (5.3±0.91 µm/min) 
(Fig 5.4C). In contrast to the directed migration of control cells, Cas-L-/- cells were characterized 
by uncoordinated movements with frequent changes in direction (Supplementary Movie 3). As a 
result of their slower migration speed and uncoordinated movement, CasL-/- cells show smaller 
displacement, i.e. Cas-L-/- cells travelled shorter distances than control cells (Fig 5.4C). Further, 
Cas-L-/- T cells revealed defects in early spreading, had significantly smaller synapse area than 
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control cells (Fig 5.4D), and a larger circularity index (Fig 5.4E), reflecting their inability to fully 
spread over the bilayers.  
We also measured the levels of ICAM-1 at the synapse throughout the course of these 
experiments (Fig 5.4F), and saw impaired ICAM-1 recruitment to the synapse of Cas-L-/- T cells 
relative to control cells. We hypothesized that if the defects in adhesion, spreading, and synapse 
stability observed in Cas-L-/- T cells were a consequence of deficient inside-out integrin-
signaling mediated by Cas-L, then the number of stable synapses formed by Cas-L-/- T cells 
should be independent from the concentration of ICAM-1 provided on the bilayers. In fact, 
bilayers embedded with a constant concentration of anti-CD3ɛ (above the threshold required to 
induce T cell activation) and with increasing concentrations of ICAM-1 did not rescue the 
adhesion defects observed in Cas-L-/- T cells (Fig 5.4G). While control cells were able to form 
synapses on bilayers with as low as 30 molecules of ICAM-1 per µm2, Cas-L-/- cells failed to 
form stable synapses even in a condition with excess of ICAM-1 (650 molecules of ICAM-1 per 
µm2) (Fig 5.4G). The expression levels of LFA-1 were similar in both cell types, as analyzed by 
flow cytometry (data not shown). 
Altogether, these results show that Cas-L plays a role in establishing and maintaining stability of 









Fig. 5.4: Cas-L-/- T cells exhibit impaired adhesion and erratic migration. (A) TIRF microscopy 
images show the central TCR clusters (left panel) and cell bilayer contact area (right panel) at 15 
min after seeding. Stable synapses are marked with a yellow asterisk, and the colored lines 
represent the tracks of migrating cells. Scale bars = 10µm. (B) Cas-L-/- cells form significantly 
less stable synapses than WT cells (p-value ≤ 0.0005). Values of averages ± standard error of the 
mean are representative of at least 30 cells of each type and three independent experiments. (C) 
Quantification of adhesion and migration parameters of WT and Cas-L-/- cells (values represent 
mean ± standard error of the mean of at least 30 cells from three independent experiments). (D-
E) Cas-L-/- cells exhibit deficient spreading, having smaller contact areas, and more circular 
contact areas, in comparison to control cells. (F) ICAM-1 recruitment to the synapse is impaired 
in Cas-L-/- cells, especially at early time points of synapse formation. (G) Providing bilayers with 
increasing amounts of ICAM-1 is not sufficient to rescue synapse instability exhibited by Cas-L-
/- cells. One asterisk: p-value ≤ 0.05; “n.s.”: non-significant; data represents three independent 
experiments.  
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Actin polymerization regulates Cas-L activation 
In vivo, T cells undergo an extensive search for antigen in lymphoid tissues by using amoeboid 
migration, a process that requires actin polymerization (77). Previous studies using mutational 
analysis indicated that the substrate domain of Cas-L was required for T cell migration (55), but 
the mechanism of Cas-L activation was not known. Here, we hypothesize that in a similar way to 
its paralog p130Cas (32) Cas-L activation depends on actin polymerization. Thus, we looked at 
how disruption of actin polymerization by cytochalasin D treatment affected phosphorylation 
levels of Cas-L substrate domain at the immunological synapse. We saw that cytochalasin D 
induced a strong decrease in the levels of phospho-Cas-L at the synapse compared to DMSO, 
and its effect was stronger at higher doses (Fig 5.5A), indicating that phosphorylation of the Cas-
L substrate domain depends on actin polymerization. 
To further understand the relationship between Cas-L and the actin cytoskeleton, we seeded T 
cells on bilayers with anti-CD3ɛ and ICAM-1 and compared f-actin organization in Cas-L-/- cells 
and control cells. Confocal imaging of fluorescently-labeled phalloidin staining in Cas-L-/- cells 
revealed a disorganized cortical f-actin network, smaller lamellipodial area, and undefined 
lamella/lamellipodia boundaries (Fig 5.5B). The radial profile of the average f-actin intensity at 
the synapse also revealed a defective f-actin network in Cas-L-/- cells (Fig 5.5C), suggesting that 
Cas-L plays a role in the organization of the structure of the f-actin network. Furthermore, 
inhibition of the actin polymerization factor Arp2/3 with a small molecular inhibitor (CK666) 
caused a significant decrease in phospho-Cas-L levels at the immunological synapse compared to 
DMSO treatment (Fig 5.5D). Since Arp2/3 also co-localizes with nascent TCR microclusters at 
the periphery of the synapse (63, 64), this data indicates that Cas-L activation at the TCR 
microclusters is dependent on the actin polymerization-promoting factor Arp2/3. 
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To further investigate how actin polymerization regulates Cas-L activation, we asked if WASp 
(66) played a role in Cas-L activation. We seeded WASp-/- T cells and control cells on bilayers 
with anti-CD3ɛ and ICAM-1 and compared their Cas-L phosphorylation levels (Fig 5.5E). We 
saw significantly lower levels of phospho-Cas-L at the synapses of WASp-/- T cells compared to 
control cells. Sims et al (70) previously reported that the roles of WASp and protein kinase C 
theta (PKC) have opposing effects at the immunological synapse, one favoring synapse stability 
and symmetry, the other promoting polarization and migration, respectively. Hence, we 
investigated whether the increased migration observed in Cas-L-/- cells was due to PKCdriven 
symmetry breaking. In fact, when we treated Cas-L-/- T-cells with an inhibitor of PKCactivity, 
we saw that Cas-L-/- cells formed significantly more stable synapses compared to DMSO-treated 
Cas-L-/- cells (Fig 5.5F), suggesting that Cas-L is part of the WASp dependent synapse 
stabilizing machinery that is opposed by PKCactivity. 
Altogether, our results are consistent with the model that actin polymerization-dependent Cas-L 
phosphorylation at TCR microclusters contributes to immunological synapse formation and is 










Fig. 5.5: Cas-L phosphorylation is dependent on actin polymerization. (A) Actin disruption affects the 
radial profiles of phospho-Cas-L (pCasL) intensity at the synapse.  T cells treated for 30min with DMSO, 
or 60nM and 200nM Cytochalasin D (CytoD) were seeded on anti-CD3ɛ/ICAM1-embedded bilayers, 
allowed to interact with the bilayers for 2min, fixed with 2% paraformaldehyde, and stained with an 
antibody specific for phosphotyrosine residue repeats in the substrate domain of Cas-L. The synapses 
were imaged with TIRFM, the levels of mean fluorescence intensity of pCas-L were measured, processed, 
and the average radial profiles and standard error of the mean of at least 30 cells per condition were 
plotted (data represents two independent experiments). (B) Confocal slices from the synapses of WT and 
Cas-L-/- cells, and corresponding vertical section profiles. The border between lamella and lamellipodia 
structures is lost in synapses of Cas-L-/- cells. Scale bars = 2µm. (C) Radial profiles of f-actin in synapses 
of WT and Cas-L-/- T cells indicated lower f-actin accumulation at the synapses of Cas-L-/- T cells. Cells 
were seeded on bilayers, fixed at 2min, and stained with fluorescently-labeled phalloidin (green). Curves 
represent the mean ± standard error of the mean of at least 30 cells from three independent experiments. 
(D) Phospho-Cas-L levels at the synapse are dependent on Arp2/3 activity. T cells were treated with a 
small molecular inhibitor of Arp2/3 (CK666), or DMSO as control. Three asterisks: p-value ≤ 0.0005. (E) 
Phospho-Cas-L levels at the synapse are dependent on WASp activity. WASp-/- T cells or WT cells were 
seeded on bilayers, fixed at 2min, and stained for phospho-Cas-L. (F) Cas-L and PKCplay opposing 
roles in regulating synapse stability. T cells from Cas-L-/- mice were seeded on bilayers, and 20min after 
seeding a small molecule inhibitor for PKC (C20) was added to the medium (at 10µM or 33µM) and its 
effect was followed for another 20min. Graph reflects the change in the number of new synapses formed 
after C20 treatment relative to the DMSO control. Values represent mean ± standard error of the mean of 
at least 30 cells from 3 independent experiments.  




Building an immunological synapse provides a mechanism to assess sensitivity and specificity of 
the interaction between antigen and TCR. The intrinsically transient nature of this interaction 
makes clustering, stabilization, and transport of TCR complexes critical determinants of T cell 
signaling. Thus, formation of a stable immunological synapse is essential to fully activate the T 
cell (77).  Some forms of T cell activation may operate with lower thresholds, but full activation 
in this context encompasses effective protection of the host and in a recall response (78) 
Our results here show that Cas-L is involved in stabilizing the immunological synapse and 
establishing synapse symmetry. Furthermore, we show that Cas-L is necessary for efficient 
transport of TCR microclusters from the periphery to the center of the synapse, and without Cas-
L, microcluster translocation slows down or is completely arrested. Our findings reveal that 
activated phospho-Cas-L localizes to early TCR microclusters at the actin-rich periphery of the 
immunological synapse where mechanical force is expected to be concentrated, and where 
tyrosine phosphorylation occurs (9, 17). We found that disrupting actin polymerization with 
cytochalasin D or inhibiting actin nucleation factor Arp2/3 led to a significant decrease in 
phospho-Cas-L levels at TCR microclusters. In addition, we demonstrate that Cas-L promotes T 
cell adhesion. Finally, we propose a new role for Cas-L as a mechanical link bridging the TCR 
and actin at the immunological synapse. 
Stable immunological synapses are not required for T cell proliferation, but appear to be critical 
for asymmetric cell division and functional memory (77-79).  It has also been proposed that the 
stable interaction in vivo may help T cells of lower affinities for an antigen decide whether or not 
to participate in a response (80). Remarkably, the proportion of Cas-L-/- T cells that adhered to 
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anti-CD3ɛ/ICAM1-embedded supported planar bilayers was only half of that of control cells, and 
they had a smaller contact area compared to control cells. Furthermore, Cas-L-/- cells formed 
unstable synapses that failed to remain symmetric, exhibiting irregular lamellipodial ruffling, and 
uncoordinated migration. This phenotype might be explained by the defects we saw in the actin 
cytoskeleton of Cas-L-/- T cells, which exhibited a disordered cortical f-actin network, and lost 
the defined border between lamella and lamellipodia structures. Additionally, studies have 
shown that the size of TCR microclusters correlates with T cell activation (6). Here, we saw that 
immunological synapses formed by Cas-L-/- T cells showed a decreased accumulation of TCR in 
the central region and the size of microclusters was smaller compared to control cells. 
Altogether, these data suggest that Cas-L might be important for T cell survival and proliferation 
(78-80) by establishing immunological synapse stability. 
In an effort to understand the mechanism by which Cas-L establishes immunological synapse 
stability, we looked into a model we previously reported (70) describing how T cells regulate 
synapse symmetry and migration. There we demonstrated that the process of synapse symmetry 
breaking leading to migration is promoted by PKCactivity, whereas WASp activity favors 
synapse symmetry and promotes synapse stability. In line with those studies, here we saw that 
inhibition of PKCactivity in Cas-L-/- T cells impeded migration and restored synapse stability. 
Furthermore, Cas-L activation at TCR microclusters was decreased in WASp-/- T cells, 
suggesting that Cas-L activation is dependent on WASp activity. Altogether, these data further 
corroborate a role for Cas-L in promoting synapse symmetry and stability. 
Despite functioning downstream of WASp and actin polymerization, Cas-L also contributes to 
the proper organization of the actin network in defining the lamella/lamellipodia regions, which 
suggests that Cas-L is part of a feedback loop mechanism favoring immunological synapse 
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stability. It is known that ligation of TCR causes recruitment of active Lck, and recruitment and 
activation of WASp via the WIP-CrkL pathway, which in turn recruits Arp2/3, thus triggering 
actin-polymerization (63-66). Since phospho-Cas-L associates strongly with Crk-L (50) it is 
plausible to hypothesize that Cas-L participates in the traditional Cas-Crk-C3G-Rap1 pathway, 
thus leading to activation of LFA-1 dependent adhesion through effectors including RapL and 
RIAM (81-83). In addition, previous studies show that the proline-rich tyrosine kinase 2 (Pyk2) 
associates with LFA-1 and it is essential for CD8+ T cell adhesion and migration (87). 
Importantly, Pyk2 has been reported to phosphorylate Cas-L (88), and unpublished data from 
Sheetz lab suggests that Cas-L might form a complex with Pyk2 and LFA-1 that could work as a 
physical link linking TCR clusters, LFA-1, and the actin cytoskeleton. 
 
 
Fig. 5.6: Cas-L favors immunological synapse stability. The process of synapse symmetry breaking 
leading to cell polarization and migration is promoted by PKCƟ activity, while WASp and Cas-L 
activation favor synapse symmetry and promote symmetrization of cytoskeletal net forces that sustain 
synapse stability. 
 
Moreover, Cas-L might also be involved in Rap1 activation, integrin-mediated adhesion, and 
actin-polymerization by associating with the adaptor protein Chat-H, thus forming a complex 
that has previously been implicated in integrin-mediated adhesion and naïve T cell migration 
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downstream of TCR stimulation (93, 94). In those studies, RNAi-mediated knockdown of Chat-
H resulted in impaired Rap1 activation, integrin-mediated adhesion, and T cell migration. Those 
results are in line with our model, and support a role for the Cas-L/Chat-H complex as an early 
regulator of T cell adhesion and migration upstream of Rap1, in response to TCR stimulation. 
PLCγ-1 activation is a critical step in TCR signaling that requires the function of the TCR 
proximal tyrosine kinase cascade and links this to rapid release of Ca2+ from intracellular stores. 
We saw that Cas-L-/- T cells only release approximately half of their total Ca2+ reserves, which 
amounts to a decrease of approximately 30% compared to control cells. Moreover, this defect 
was accompanied by decreased levels of phospho-PLCγ-1 at the immunological synapses of Cas-
L-/- T cells relatively to the control, supporting a role for Cas-L in the amplification of TCR 
signals that ultimately lead to T cell activation. 
In order to see if the absence of Cas-L had an effect on signaling steps further downstream of 
TCR stimulation, we compared the levels of IL-2 in the media of Cas-L-/- and wild type T cells 
cultured for during 48h with anti-CD3ɛ/ICAM-1 stimulation and saw no significant difference in 
IL-2 production. Consistent with this observation, we showed that pharmacological inhibition of 
ZAP70, a kinase important for TCR-mediated signaling leading to Ca2+ flux and IL-2 
production, had a minor effect on phospho-Cas-L levels (Fig 2D-E). Interestingly, previous 
studies (47) have also shown that actin polymerization disruption reduces levels of phospho-
PLCγ1 within TCR microclusters without affecting ZAP70 activity. These observations suggest 
that alternative pathways downstream of ZAP70 take place independently of Cas-L activation. 
It is known that TCR stimulation recruits ZAP70 to the phosphorylated ITAMs on the zeta 
chains of the CD3ɛ subunit of TCR and then ZAP70 phosphorylates adaptor proteins LAT and 
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SLP76, which in turn recruit PLCγ1 (30, 66, 89). Subsequently, PLCγ1 cleaves PIP2, generating 
IP3 and DAG, which lead to Ca2+ release, and PKCƟ activation and Ras activation, respectively 
(47). The guanine nucleotide exchange factor Vav1 also joins the ZAP70-SLP76-PLCγ1 
multiprotein complex and activates the GTPase Rac1, thus promoting actin polymerization 
through activation of the WAVE2 complex (90). Furthermore, a recent study (91) reported that 
while early TCR microclusters are able to activate T cell cytokine expression, centralization of 
TCR microclusters is more important for Notch-ADAM10-Vav1 dependent T cell proliferation. 
It is possible that the role of Cas-L in the centripetal movement of TCR microclusters at the 
immunological synapse might be more relevant for the signaling pathway leading to T cell 
proliferation rather than to cytokine production. 
Additionally, the molecular events leading to Cas-L activation take place at a different stage and 
time scale than the events leading to IL-2 expression and secretion. In fact, while Cas-L 
recruitment and phosphorylation at the TCR microclusters is transient, occurring in the first 2-5 
minutes of synapse formation and then dropping, IL-2 production takes place at later stages, 24h-
48h after synapse formation, perhaps due to structurally distinct TCR-mediated signaling events 
that are not as dependent upon Cas-L. Nevertheless, we provide clear evidence that Cas-L-/- T 
cells show impaired early Ca2+ signaling compared to wild type cells, demonstrating a role for 
Cas-L in TCR-mediated signaling and in regulating immunological synapse stability. 
Hence, Cas-L may play distinct roles in different signaling pathways leading to cytokine 
production and T cell proliferation, thus providing alternative regulation mechanisms for the 
TCR signaling events that ultimately lead to IL-2 production and T cell-mediated immune 
responses. 
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Accumulation of ICAM-1 at the immunological synapse typically takes place immediately after 
Ca2+ levels rise, and it persists after Ca2+ levels return to baseline level. However, we saw that 
accumulation of ICAM-1 at the synapses of Cas-L-/- T cells was impaired, suggesting a potential 
role for Cas-L-mediated integrin activation via Ca2+ signaling. Surprisingly, using bilayers with 
increasing amounts of ICAM-1 (and a fixed amount of anti-CD3ɛ antibody) did not rescue 
spreading defects in Cas-L-/- T cells. These were particular interesting results since in control 
cells as few as 30 molecules of ICAM-1 per µm2 were sufficient to allow synapse formation, 
whereas increasing to 650 molecules of ICAM-1 per µm2 was insufficient. The ability of Cas-L 
deficient T cells to form a few synapses, rather than none, may be a result of TCR and Cas-L 
independent activation of integrins (84, 85). 
Our observations here are in line with recent studies we (11, 13) and others (12) reported on the 
role of Myosin-IIa activity in immunological synapse formation and Cas-L activation. In those 
studies, inhibition of Myosin-IIa activity led to a decrease in phospho-Cas-L levels in mature 
synapses, but did not affect Cas-L phosphorylation at early stages of synapse formation. Thus, 
those results supported a two-step model in which initial TCR ligation, activation of Lck, 
assembly of TCR microclusters, activation of Cas-L, and recruitment of myosin IIA are all 
independent of myosin IIA activity, whereas amplification of signaling and microcluster 
transport are dependent on myosin IIA activity.  
We can now develop a working model for the role for Cas-L as a link between TCR, actin, and 
integrins (Fig 5.7). We previously described a model for actin polymerization-dependent stretch 
of p130Cas leading to cell adhesion and migration via activation of the regulator of actin-
polymerization Rap1 (32). Here, we propose that actin-polymerization triggered by TCR 
proximal signals involving WASp activates Cas-L by exposing cryptic tyrosine residues in its 
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substrate domain, which then are phosphorylated by Src-family kinases, in particular Lck. 
Phospho-Cas-L then recruits SH2-containing proteins and other signaling factors that promote 
lamellipodia formation, integrin adhesion, and further TCR clustering. This drives the onset of 
Ca2+ release, and Calmodulin-mediated MLCK activation, which in turn activates Myosin-IIa 
contraction. Then, actomyosin contractility contributes to TCR cluster transport, acting via a 
positive feedback loop that further activates Cas-L, and that ultimately leads immunological 
synapse formation and conditions required for induction of memory T cells.  
 
 
Fig. 5.7: Working model illustrating the critical steps that lead to cytoskeletal stretch-dependent Cas-L 
activation and TCR signaling. Based on our observations, we propose a model where the initial steps of 
TCR ligation and clustering (1-2), assembly of actin nucleating factors (3) and initial f-actin 
polymerization at TCR microclusters (4) take place independently of Cas-L, and the subsequent steps 
leading to integrin activation and stabilization of lamellipodia structures (6), and TCR transport (7), are 
regulated by actin-dependent Cas-L activation at TCR microclusters. In turn, this mechanical activation of 
Cas-L acts via a potential feedback loop that leads to TCR signal amplification (8-9) thus stabilizing the 
immunological synapse. 
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In Cas-L-/- T cells the link between TCR-induced Ca2+ signaling and integrin activation seems to 
be broken and consequently cells are unable to form stable synapses independently of the amount 
of ICAM-1 provided. Thus, it is plausible to hypothesize that Cas-L is part of a multi-protein 
complex that links TCR proximal actin polymerization to LFA-1 activation and Cas-L-/- T cells 
have unstable synapses in part due to loss of this connection.  This is not simply a matter of 
LFA-1 affinity as the defect cannot be rescued with high ICAM-1. These synapse defects may 
manifest as defective memory and effector function, thus explaining the in vivo defects observed 
in Cas-L-/- mice by Seo et al (47). 
Despite the striking morphological and functional differences between fibroblasts and T cells, 
here we demonstrate through the Cas model that the fundamental principles of 
mechanotransduction are evolutionarily conserved across different cell types (32, 86).  
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In this thesis, I developed and implemented methods and tools to understand cell function at a 
cellular and molecular level from a mechanical point of view. I explored how cells sense the 
physical properties or their microenvironment in cell-substrate and cell-cell interactions by 
focusing on two cellular systems: mesenchymal stem cells and T cells.  
In Chapter 3, I studied the role of substrate rigidity and surface chemistry in regulating 
mesenchymal stem cell morphology. I saw that mesenchymal stem cells establish a physical 
linkage between matrix-integrin-cytoskeleton at the cell edge to sense local rigidity of their 
substrate, thus adapting their morphology to the local physical properties of their substrate, and 
driving cell migration.  
In Chapters 4 and 5, I described the role of actomyosin-dependent cell-cell interactions and 
protein activation mechanisms at the immunological synapse during T cell activation. This 
included asking how T cells employ the mechanical stretching of scaffold protein Cas-L to 
regulate immunological synapse stability. I saw that actin-dependent Cas-L phosphorylation at 
TCR clusters is involved in a positive feedback loop leading to further actin-polymerization, 
calcium signaling, and integrin activation, thus regulating synapse stabilization. 
There were significant technical challenges in reproducing a cell’s natural environment in a 
culture system, which required fine tuning of the mechanical and chemical properties of the 
substrate. In Chapter 3, in order to analyze the role of substrate rigidity on mesenchymal stem 
cell morphology cells were cultured on substrates that mimic the elastic modulus of the natural 
microenvironment of those cells. Likewise, in Chapter 4, artificial antigen presenting cells were 
loaded with T cell-stimulatory ligands and sequestered in micropits in order to activate T cells 
via live cell-cell conjugate interaction. Finally, in Chapter 5, to study immunological synapse 
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dynamics and TCR signaling, T cells interacted with a supported lipid bilayer mimicking the 
fluid membrane surface of an antigen presenting cell. Moreover, the quantitative analysis of cell 
behavior in these systems was also challenging. Integration of new nanoscale technologies, 
combined with cell biology, computational modeling, high-throughput single cell analyses 
algorithms, and single molecule analysis software will enable us to further test the molecular 
mechanisms of mechanosensing, providing new insights into mechanical regulation of cell 
function. 
Immune responses are based on the orchestrated action of differentiated mesenchymal cells that 
form lymphoid tissues and lymphoid effector cells.  In most immune responses, there are many 
mechanically dependent steps that are controlled by the nanometer-level force sensing protein 
modules in cells. This thesis demonstrates that T cells and mesenchymal stem cells utilize similar 
force sensing protein modules to regulate mechanical sensing. Thus, this thesis provides a new 
appreciation of the role of mechanical sensing in the context of stem cell differentiation and T 
cell immune responses. 
Mechanical regulation of cell function, either for applications in tissue engineering or in 
regenerative medicine, thus requires a major improvement of our understanding how cells 
interact with their own matrices. What are the molecular triggers that sense substrate rigidity 
thereby committing a cell to a certain fate, and how do they work? How do T cells exploit the 
basic machinery of cell motility and receptor signaling to attain their subtle sensitivity and high 
fidelity? What sets activation thresholds and how are these controlled by innate and 
environmental signals in tissues? These questions are utterly relevant to improve and develop 
combinatorial therapeutic strategies, on the one hand, for tissue engineering and regenerative 
medicine, and, on the other hand, to boost the immune response in the context of infectious 
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disease and tumor immunotherapy, or, to suppress the immune response in the context of 
autoimmunity. Thus, the study of the mechanical sensing in those two cell systems is 
complementary and each enlightens the findings of the other. 
 
6.2 Ongoing work 
 
Cas-L phosphorylation in T cells correlates with substrate rigidity 
One of the major goals of this thesis involved the design of geometrically-patterned 
nanofabricated substrates to induce a well-defined cellular response to a specific given set of 
mechanically-imposed constraints. We used PDMS pillar arrays and saw that actomyosin 
contractile forces coincide with specific force-generation sites at the cell edge of MSCs where 
the pillars undergo greater bending angles. Although the mechanical components present in 
mesenchymal stem cells are also conserved in T cells, their role in T cell activation is still 
unclear. Moreover, little is known about the levels of force required to initiate 
mechanotransduction or the role of extracellular force on T cell activation.  
With the thrust of investigating molecular mechanisms of mechanotransduction, and in 
collaboration with Manus Biggs (Wind Lab, Columbia University), we fabricated ultra thin 
substrates of polydimethylsiloxane (PDMS), a silicon-based organic polymer suitable for (i) high 
resolution cell imaging, (ii) a wide range of physiologically-relevant rigidities, and (iii) versatile 
strategies for bio-functionalization. Further, we utilized electron beam lithography to pattern 
arrays of heterogeneous rigidity in PDMS substrates. 
In analogy to the p130Cas mechanosensing model, I hypothesized that Cas-L played a similar 
role as a mechanosensor in T cells. Preliminary results from our work on PDMS substrates of 
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heterogeneous rigidity indicate that Cas-L acts in T cells similarly to its homologue p130Cas. In 
fact, Cas-L phosphorylation is increased in T cells spreading on regions of higher Young 
modulus, in response to agonist antibodies against TCR and integrin ligand ICAM-1 stimulation. 
Importantly, the ability of T cells to discern rigid from soft matrices is lost after disruption of 
actin-polymerization with cytochalasin D, or myosin-IIA inhibition with blebbistatin, which 
decreased the levels of phospho-CasL at early stages of T cell spreading, suggesting that 
actomyosin-dependent Cas-L phosphorylation is required for substrate rigidity sensing in T cells. 
We are currently testing a two-step model to describe how rigidity sensing via actin 
polymerization- and myosin contractility-dependent Cas-L phosphorylation affects mesenchymal 
stem cell differentiation and T cell activation. 
 
Cas-L-/- mice show impaired T cell-mediated immune response to OVA-expressing listeria 
monocytogenes infection. 
In Chapter 5, I hypothesized that the defects observed in immunological synapse formation and 
T cell signaling in Cas-L-/- T cells might affect the outcome of T cell-mediated immune 
responses in vivo. In order to test that hypothesis, and in collaboration with David Blair (Dustin 
Lab, NYU) and Olivier Herbin (Alexandropoulos Lab, Mt Sinai), we used listeria 
monocytogenes infection as a model to analyze primary and secondary T cell-mediated immune 
responses in Cas-L-/- mice. Thus, we infected Cas-L-/- mice and control mice with a strain of 
listeria monocytogenes expressing a T cell-restricted peptide epitope of ovalbumin (OVA) (5,000 
CFUs/mouse, retro-orbital injection), collected blood samples (100 µl/mouse) at days 8, 15, and 
36 post-infection, and compared the efficiency of early, intermediate, and late T cell responses, 
respectively. Response efficiency was assessed from the content of OVA peptide-specific 
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effector T cells relative to the total T cell population present in each sample. At day 36 peripheral 
organs (spleen, liver, lungs, lymph nodes) we also harvested and analyzed for the presence of 
OVA peptide-specific memory T cells. We saw that Cas-L-/- mice showed significantly impaired 
T cell response to OVA-expressing listeria monocytogenes infection. There was a decrease of 
Ova-tetramer+ CD8+ population in blood of CasL-/- mice during primary effector response (day 
8) and late memory response (day 36) when compared to control mice. In fact, Cas-L-/- mice 
show up to a 20% decrease in Ova-specific CD8+ population relative to total CD8+ population at 
day 36 post-infection. Analysis of the tissue distribution of total CD8+ T cells at day 36 post-
infection revealed a significant decrease of T cells in peripheral tissues of CasL-/- mice when 
compared to control mice, indicating that Cas-L plays an important role in T cell migration and 
trafficking. 
These preliminary results suggest that Cas-L might play an important role in T cell migration in 






Habe nun, ach! Philosophie, 
  Juristerei und Medizin, 
  Und leider auch Theologie 
  Durchaus studiert, mit heißem Bemühn. 
  Da steh ich nun, ich armer Tor! 
  Und bin so klug als wie zuvor; 
  Heiße Magister, heiße Doktor gar 
  Und ziehe schon an die zehen Jahr 
  Herauf, herab und quer und krumm 
  Meine Schüler an der Nase herum- 
  Und sehe, daß wir nichts wissen können! 
(in “Faust”) 




 “Ah! Now I’ve done Philosophy, 
I’ve finished Law and Medicine, 
And sadly even Theology: 
Taken fierce pains, from end to end. 
Now here I am, a fool for sure! 
No wiser than I was before: 
Master, Doctor’s what they call me, 
 And I’ve been ten years, already, 
Crosswise, arcing, to and fro, 
Leading my students by the nose, 
And see that we can know – nothing!” 
 
